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It has been shown (Njoku-Obi and Skinner, 1957) 
that the most probable number of coliforms and of 
Escherichia species in human feces is consistently 
higher when counts are made by dilution extinction 
methods in standard lactose broth at 35 C than when 
boric acid lactose broth (Vaughn et al., 1951) at 43 C is 
used. This is an example of a general phenomenon 
repeatedly noted in the literature. Another example is 
the work of Skinner and Brown (1934). When the most 
probable number of coliforms from fresh human feces 
was determined by the dilution extinction method, the 
same sample usually yielded a much higher count of 
coliforms and of Escherichia species with lactose broth 
incubated at 37 C than with glucose broth at 46 C 
according to the original Eijkman method. 

There have been various theories advanced to ex- 
plain such phenomena but little or no data which would 
tend to substantiate the theories. Actually, in most 
cases, they are merely postulations or assumptions 
with no proof whatever. The present paper will at- 
tempt to subject some of these postulations to proof 
with the idea of narrowing down the possibilities to one 
or two, which can then be investigated themselves. 


EXPERIMENTAL METHODS 


The usual explanation presented is merely that some 
strains or kinds of organisms are capable of initiating 
growth in a certain medium or under certain environ- 
mental conditions whereas others are not. For instance, 
Njoku-Obi and Skinner (1957) showed that far higher 
counts of Escherichia were- obtained from feces in 
standard lactose broth at 35 C than in boric acid lactose 
broth at 43 C. The usual explanation would be that 
there are various strains of one species, or more than 
one species of Escherichia in feces. Some can and some 
cannot grow in the latter media, whereas all can grow 
in the former. 

There have been some cultures isolated from nonfecal 
sources which cannot and others which can initiate 
growth in boric acid lactose broth at 43 C (Levine et 
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al., 1955) when mass loop transfers from agar slants are 

made. It would therefore be assumed that the explana- 
tion for the lower counts of Escherichia in feces by the 
boric acid lactose broth is the existence, in feces, of 
nontolerant strains. That this is not the true explana- 
tion for the results of Njoku-Obi and Skinner (1957) 
will be shown by the following experiments. 

Possible differences in tolerance to boric acid lactose 
broth among pure cultures. Isolates of Escherichia coli 
were obtained from high dilutions of feces (Njoku-Obi 
and Skinner 1957). These dilutions were inoculated 
either into boric acid lactose broth (hereafter to be 
termed BALB) and incubated at 43 C and into stand- 
ard lactose broth (SLB) and incubated at 35 C. After 
48 hr the highest decimal dilutions showing growth, 
which were always higher in SLB at 35 C than in BALB © 
at 43 C, were streaked on eosine-methylene-blue agar 
and incubated at 35 C. Colonies were picked, re- 
streaked, reisolated, and stored for some months at 
room temperature. These cultures consisted of 26 
isolated from the BALB-43 C cultures and 26 from 
SLB-35 C cultures. All cultures grew and produced 
gas promptly in BALB at 43 C. Since all cultures, 
which had never been grown in contact with boric acid 
and never at an elevated temperature, were positive, it 
would be concluded that all were BALB 43 C tolerant 
strains. Coliforms from feces were never isolated at 
any time which, when inoculated by loop transfer into 
BALB at 43 C, failed to produce gas promptly. Clearly, 
if there are strains of EZ. coli in feces which, when trans- 
ferred into BALB at 43 C by mass inoculations from 
agar slant cultures, fail to produce gas, they are rare. 

The question then poses itself, why do feces in- 
variably give higher counts by the dilution extinction 
method by SLB at 35 C than by BALB at 43 C; yet, 
good development in BALB at 43 C was obtained from 
cultures of E. coli which had been isolated from fecal 
dilutions in SLB at 35 C? 

Relative effectiveness in promoting growth of pure cul- 
tures of E. coli of SLB at 35 C and BALB at 43 C. It 
must be remembered that an inoculation from an agar 
slant is a mass inoculation of thousands of cells while 
inoculation of the higher decimal dilutions is a small 
one often consisting of a single cell. To determine if the 
size of the inoculation operated, the following experi- 
ments were performed. 
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Of the above pure cultures, 26, all isolated from the 
high dilutions of feces inoculated into BALB at 43 C, 
were selected and inoculated into beef peptone broth. 
Each of these broth tubes was counted by the Halvor- 
son-Ziegler (1932) dilution extinction technique. Both 
BALB at 43 C and SLB at 35 C were used. The same 
decimal dilution series was used for both media. If the 
two media were equally able to initiate growth of pure 
cultures, about the same numbers of the cultures 
should show higher counts by one medium as by the 
other medium. This was not the case. Whether the 
beef peptone broth cultures were grown for 10 days 
(12) or whether they were grown for 4 days (14) in 
broth at room temperatures, all gave higher counts 
with SLB at 35 C than with BALB at 43 C.4 

The probability of such results being fortuitous is 
extremely small. If the media were equally able to in- 
itiate growth, the probability of such results if chance 
alone operated is 1 in 276. An obvious explanation is 
that some strains isolated from feces are and some are 
not able to initiate growth is not compatible with the 
fact that all pure cultures, all of which are capable of 
initiating growth in BALB at 438 C following mass 
inoculations, gave higher counts in the SLB at 35 C. 
The existence of strains incapable of initiating growth 
is not the explanation for the inability of BALB at 43 
C to give as high counts of F. coli in fecal material as 
SLB at 35 C. 

Possible differences in ability of cells of E. coli of 
different physiological age to initiate growth in BALB at 
43 C. A second postulation for the observed phenome- 
non has been advanced. Skinner and Brown (1934) 
suggested that viable ceils in a population might differ 
among themselves in their ability to initiate growth in 
an unfavorable medium. This explanation was sug- 
gested by the observation that coliforms of feces 
counted by the dilution extinction method give counts 
which were very much higher in SLB at 37 C than in 
the original Eijkman broth at 46 C. No data to support 
this proposition were published. A similar explanation 
could apply to the action of BALB at 43 C. The above 
experiments show that this might be the case. However, 
Skinner and Brown also postulate, likewise without 
data, that the reason the cells in a culture differ among 
themselves as to their ability to initiate growth in un- 
favorable media might be their physiologic age. Thus, 
in fecal material, there might well be cells in the em- 
bryonic phase, logarithmic phase, phases of decreasing 
rate of growth, and death phase. If the cells of various 


4 Tables to show these and other results in this paper would 
be voluminous. We are not interested in absolute numbers of 
organisms, only in ratio of numbers by counts by SLB at 35 C 
to counts of the same broth culture by BALB at 46 C. There- 
fore only those ratios will be given. Counts SLB at 35 C (4 day 
cultures):counts BALB at 43 C = 10, 94.6, 23.1, 10, 21.1, 1.2, 
7.3, 1.5, 6.6, 1.4, 41.5, 23.1. Counts SLB at 35 C (10 day broth 
culture):counts BALB at 43 C = 2.7, 4.5, 31.7, 2.5, 24.2, 21.2, 
7.9, 6.0, 2.4, 44.3, 218.2, 3.4, 63.8, 38.6. 
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physiological ages differ (Sherman and Albus, 1923; 
Henrici, 1928) as to their ability to initiate growth in 
an unfavorable medium, the explanation for the action 
of BALB at 43 C would be apparent. The following 
experiments clearly show that Skinner and Brown’s 
(1934) postulation, although it has had considerable 
verbal support, is still without experimental evidence. 
The previous experiments were part of the two follow- 
ing experiments. 

The cultures were isolated and grown for 4 days at 
room temperature in broth as described. At the same 
time cultures were also grown in broth and transferred 
into fresh media every 4 hr for 4 days, always at room 
temperature. The 4 hr culture would consist exclusively 
of very young cells, the 4 day culture would consist of 
cells of various ages. Each of these 12 cultures was 
counted after growth in both media. Both the young 
and the old cultures gave higher counts with the SLB 
at 35 C than with BALB at 48 C. If one culture, the 
young or the old, were more affected by the high tem- 
perature and the boric acid than the other, it should 
consistently, within statistical limits, give higher or 
lower ratios of counts by SLB at 35 C to counts by 
BALB at 43 C. However, this was not the case. The 
ratios with old cultures were higher in seven instances 
and lower in five instances than the same ratio of the 4 
hr pure culture.® This distribution of the ratios, five in 
which smaller counts were obtained in the old culture 
and seven in which the larger counts were obtained, is 
well within the limits expected if there were no differ- 
ences between young and old cultures. x? = .33. The 
postulated explanation that young cells are less (or 
more) able to initiate growth in BALB is not sup- 
ported by the data. 

The second part of this experiment was a confirma- 
tion of the first. Fourteen other pure cultures were 
used. Each culture was inoculated into beef peptone 
broth at room temperatures. One was _ transferred 
serially every 12 hr for 10 days by single loop transfer 
and then transferred and incubated for 4 hr. In the 
meantime, the second culture was incubated for the 
full 10 days’ time. Each culture was counted after 
growth in both BALB at 43 C and SLB at 35 C. The 
ratio of the count on SLB at 35 C to that on BALB at 
43 C of the 10 day culture was greater than that of the 
4 hr culture exactly the same number of times, seven, 
that it was less.* Clearly there is no evidence that 
older cultures are more likely to initiate growth in 


5 Counts SLB 35 C, 4 days/counts BALB at 43 C 4 days: 
counts SLB 35 C 4 hr/counts BALB 43 C 4 hr = 2.6, 2.2, 1.2, 
6.0, 1.4, 6.5, 1.1, 7 cultures. Counts SLB 35 C 4 hr/counts BALB 
43 C 4 hr:counts SLB 35 C 4 days/counts BALB 43 C 7 days = 
1.3, 3.1, 1.7, 2.5, 1.1; 5 cultures. 

6 Counts SLB 35 C 10 days/count BALB 43 C 10 days: 
counts SLB 35 C 4 hr/counts BALB 43 C 4 hr = 2.3, 2.0, 1.4, 
1.7, 1.1, 5.7, 7.2; 7 cultures. Counts SLB 35 C 4 hr/count BALB 
43 C 4 hr:count SLB 35 C 10 days/counts BALB 43 C 10 days = 
1.7, 9.6, 2.2, 1.5, 1.5, 1.4, 1.2; 7 cultures. 
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BALB, 43 C, than younger cultures, nor are they less 
likely. 

Number of cells required to initiate growth in BALB 
at 43 C. At this point the question poses itself. Since 
counts of /. coli in a pure culture or in human feces 
were always less in BALB at 43 C in dilution extine- 
tion counts, may it not be due to the fact that more 
than one, possibly several, cells are necessary to initiate 
growth? This concept is common in bacteriology es- 
pecially for anaerobic organisms in certain media. The 
experiment below will show that this is not the case for 
E. coli in BALB at 43 C if cultures are already growing 
in the BALB at 43 C. Twelve cultures of F. coli were 
run in decimal dilutions in replicates of 10 on BALB at 
43 C. A single BALB positive tube of each of the high- 
est dilution that showed gas in 48 hr was counted by 
both methods. The higher count was observed in the 
BALB 43 C in five cases, from the SLB 35 C in five 
cases, and in two cases the counts were the same.’ 
There is no evidence that one method was superior to 
the other for cultures already growing in BALB at 
43 C, 

That the two media are not equally able to initiate 
growth if the culture had been growing in favorable 
media at the time of inoculation is shown by the follow- 
ing experiment. SLB cultures of the previous experi- 
ment growing at 43 C were chosen, all from the highest 
dilution, one from each of the 12 cultures. When these 
12 organisms had been growing at 35 C in SLB for 48 
hr, the /. coli in SLB broth were counted by the use of 
each medium. In all 12 cases, the count by SLB at 35 C 
was higher than that by BALB at 48 C.‘ This discussion 
does not encompass any adaptation to adverse condi- 
tions of the bacteria and especially no claims are made 
for the inheritance of acquired characteristics on the 
part of bacteria. 

It seems that only if organisms are growing in the 
unfavorable medium will any and all cells of this culture 
initiate growth in the unfavorable medium, but if the 
organisms are growing in the favorable medium, the 
counts are much higher in the favorable medium. 
Throughout it is assumed that SLB at 35 C will pro- 
mote the growth of all cells, even single ones, of F. coli 
in SLB. This is the usual assumption in the literature. 
It is known that beef peptone broth at 37 C will initi- 
ate growth from all single cells of FE. coli (Ziegler and 
Halvorson, 1934) and it is also known that lactose en- 
hances the growth of EZ. coli. The assumption seems 
justified, then, that any single cell of E. coli, if it is 
living, can initiate growth in SLB at favorable tem- 
peratures. This assumption is tacitly made in all work 
in examinations of water, sewage, food, and dairy pro- 


7 Counts BALB 43 C:counts SLB 35 C = 0.6, 14.2, 5.0, 0.6, 
1.0, 2, 1.2, 0.8, 1.3, 0.3, 10, 0.6. 

* Counts SLB 35 C:counts BALB 43 C = 8.5, 7.7, 5.3, 8.3, 
16.2, 25, 109, 8.6, 22.6, 53.5, 30.4, 2.1. 


ducts for the presence of all coliform organisms by 
standard methods. 

Detection of inhibitory factor in BALB broth at 43 C. 
Extensive studies were made on separating the un- 
favorable factors, 0.325 per cent boric acid and 43 C 
temperature. We completely confirmed the results of. 
others (for example Vaughn et al., 1951) that both 
boric acid and the elevated temperature were neces- 
sary. Neither BALB at 35 C, nor the same medium 
minus the boric acid at 43 C was appreciably less able 
to initiate growth than the boric acid free medium at 
35 C. A combination of boric acid at 0.325 per cent and 
a 43 C incubation temperature always yielded lower 
counts. Since these data are completely confirmatory 
of other published data, we need not reiterate. 

Possible explanations for inhibitory effect of BALB at 
43 C. All the above experiments point to one of two 
explanations. It may be that HZ. coli growing at lower 
favorable temperatures in favorable media always have 
some cells capable and some incapable of initiating 
growth in BALB at 43 C. If this is the case, it will ex- 
plain the results of our present and previous work 
(Njoku-Obi and Skinner, 1957). The methods used in 
the studies would not demonstrate strains, all cells 
are completely incapable of initiating growth in 
the unfavorable medium. However, there is no reason 
for doubting the existence of such strains that others 
(Vaughn et al., 1951) have clearly demonstrated. Grant- 
ing the validity of the above data as well as the data 
of the authors just cited, it could be concluded that, 
although there are strains of nonfecal coliforms which 
can, and others which cannot, initiate growth in BALB 
at 43 C, such strains are not found in feces. Several 
cells of those cultures capable of growing at 43 C in 
BALB will be required to initiate growth, because only 
a fraction of the total cells is capable of initiating 
growth in the unfavorable medium, and a large inocu- 
lum is necessary to insure the inclusion of a single cell 
capable of initiating growth. 

The other possibility, which is in line with other 
common assumptions in bacteriology, is that single 
cells of E. coli are not capable of initiating growth in 
BALB at 43 C unless they are already growing in this 
medium at this temperature. It likewise would be 
necessary to inoculate several cells of a strain capable 
of initiating growth in BALB at 43 C in order to get a 
large enough number of cells to insure the presence of 
sufficient cells to initiate growth in this medium at 
that temperature. The “unusual codes” which Savage 
and Halvorson (1941) found in unfavorable media 
were not observed; perhaps an incubation time of 48 
hr was too great to demonstrate unusual codes. All 
tubes were either positive at 48 hr or negative after 
longer periods. 
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Discussion 


It has been shown that the reason for the lower 
counts of Escherichia in feces obtained by BALB at 43 
C than those obtained by SLB at 35 C is not due to 
the presence in feces of intolerant strains. All cultures 
of Escherichia isolated from feces are able to initiate 
growth in BALB at 43 C. Nor is the reason the sup- 
posed difference in susceptibility of cells at various 
physiological ages. BALB at 43 C is not able to initiate 
growth from pure broth cultures at such high dilutions 
as SLB at 37 C, whether young or old cultures are 
used, but there is no difference between young or old 
cultures as to the extent of this inhibition. 

The data of this paper and those presented by others 
point to one of two explanations. It may be that only a 
portion of the cells of any population of F. coli, whether 
in culture or in feces, is able to initiate growth in un- 
favorable media such as BALB at 43 C. Or it may be 
that more than one, often very many cells, are neces- 
sary to initiate growth in an unfavorable medium such 
as this at this elevated temperature. Either explanation 
is compatible with the data, but we have tacitly ac- 
cepted the latter in this paper since it is in line with 
widely accepted concepts in bacteriology. 

(As a result of the studies described in this paper, it 
should now be possible to design experiments which 
will give a final explanation for the low number of £. 
coli cells obtained from feces by the BALB technique 
at 43 C. Because these studies will be directed at 
single cells of EZ. coli, it may be necessary to employ 
special devices such as the micromanipulator for the 
isolation of single cells of FE. coli.)® 


SUMMARY 


Pure cultures of Escherichia coli isolated from high 
dilutions of feces in boric acid broth at 43 C were grown 
at lower temperatures in beef peptone broth. Cultures 
of these were counted by the dilution extinction 
method. Standard lactose broth at 35 C always gave 
higher counts than boric acid lactose broth at 43 C. 

There was no difference between 4 hr cultures on one 
hand and 4 day or 10 day cultures on the other. Both 
4 and 10 day cultures were able to initiate growth in 
standard lactose broth at 35 C in higher dilutions than 
in boric acid lactose broth at 43 C. 

Cultures growing in boric acid lactose broth at 43 C 
could initiate growth as well in this medium at this 
temperature as in standard lactose broth at 35 C, but 


® Suggested editorial note added after the death of the 
author. 
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no better. If cultures were growing in standard 
lactose broth at lower temperatures they invariably 
gave considerably higher counts at 35 C in this medium 
than in boric acid lactose broth at 43 C. 

It was confirmed that neither boric acid at 0.325 per 
cent nor elevated temperature of 43 C separately had 
appreciable deleterious effect on initiation of F. coli. 
Both are necessary to obtain the inhibitory action. 

It is concluded that the effect of boric acid in lactose 
broth at 0.325 per cent and at 43 C temperature may 
be explained by one of two postulations. Pure cultures 
of E. coli having been grown at lower temperatures in 
nonboric acid media contain some cells which can, and 
some which cannot, initiate growth in boric acid lac- 
tose broth at 43 C. This explanation will fit the known 
data. Another explanation is this: At least more than 
one, usually several, cells of 2. coli are necessary to 
initiate growth in boric acid broth at 0.325 per cent 
and at 43 C, unless cultures are already growing in the 
latter medium, therefore, the lower “‘counts”’ of E. coli 
in feces would be obtained by dilution extinction 
methods in such a medium than in standard broth. 
This theory is also compatible with known facts. 
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Probably the oldest method known for removing the 
hair from animal skins is to allow the fresh skins to re- 
main for a day or two in a warm, damp place. In this 
process called ‘‘sweating,” bacteria decompose the cells 
of the Malpighian layer and thus loosen the hair. Be- 
cause of the difficulties of controlling the process and 
the constant danger of the destruction of valuable 
leather-making proteins, this procedure has been 
largely replaced by safer methods. 

For many years, saturated lime water has been the 
most widely used depilatory. As lime solutions are re- 
used, they become more effective in loosening the hair. 
This has been attributed to the presence in the used 
liquors of ammonia, amines, and other protein decom- 
position products as well as bacteria and enzymes, al- 
though it is difficult to conceive of bacteria or enzymes 
being active at pH values above 12. In very old lime 
liquors, hide collagen is attacked. 

The increasing demand for more rapid processing 
and conservation of skin collagen has led to the exten- 
sive use of ‘sharpening agents.’”? Such chemicals as 
sodium sulfide, sodium sulfhydrate, arsenic disulfide, 
and various amines used in conjunction with lime, re- 
duce the time required to loosen the hair from weeks 
to days. Within the last few years, some tanners have 
resorted to the use of sulfides sufficiently strong to 
dissolve the hair. This is referred to as “hair pulping” 
or “burning.” 

The use of these processes has many disadvantages, 
not the least of which is the disposal of the used liq- 
uors. A less drastic, more rapid method of removing 
the hair is badly needed by the leather industry. 

As early as 1910 (Réhm, 1910, 1913), enzyme prepa- 
rations were suggested for unhairing. Since that time, 
numerous attempts have been made to utilize enzymes 
for unhairing animal hides and skins in industry. How- 
ever, except for some reported use in Europe at the 
present time, the process has not been commercially 
acceptable, probably due among other things to the 
requirement that the hides must first be treated with 
an alkali and the alkali then neutralized before the 
enzymes become effective. Green (1952) has reviewed 


' Presented at the 57th meeting of the Society of American 
Bacteriologists, Detroit, Michigan, April 28 to May 2, 1957. 

* A laboratory of the Eastern Utilization Research and De- 
velopment Division, Agricultural Research Service, U. S. 
Department of Agriculture. 
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the literature in this field. The report of Burton et al. 
(1953) that mucolytic enzymes would effectively loosen 
the hair on fresh animal hides has stimulated con- 
siderable interest in the problem. Cordon (1955) was 
not able to confirm this work but did find enzyme 
preparations that were effective on salt-cured hide or 
hide that had been treated with dilute salt solution. 
Bose et al. (1955) attributed the unhairing action of 
proteolytic or amylolytic enzymes to their action on 
the mucoids. In order to gain more information con- 
cerning the action of hair loosening enzymes and to 
find those most effective, a survey has been made of a 
number of commercially available enzyme preparations 
mostly of microbial origin. The relation of hair loosen- 
ing action to the proteolytic and amylolytic activities 
is reported here. 


MATERIALS AND METHODS 


Hide. The hides used in these tests were the so-called 
green salted steer hides of commerce obtained from a 
local slaughterhouse. (In this method of handling, the 
freshly flayed hides are allowed to cool for 1 or 2 hr, 
sorted, and placed in packs of about 800 hides. As the 
hides are spread out in the pack, they are treated with 
about 14 to 14 of their weight of salt. During a curing 
period of 30 days, much of the blood and salt-soluble 
proteins drain away.) On arrival at the laboratory, the 
fat and flesh were removed and the hides stored in a 
refrigerator. Before use, hide pieces were soaked over- 
night in water containing disinfectant, a common tan- 
nery practice to soften the hide and to remove dirt and 
salt. 

Prevention of microbial contamination. Since growth 
of microorganisms during the soaking of the hide and 
during the enzyme treatment would invalidate the re- 
sults, disinfectants were used. Phenylmercuric acetate 
in 0.015 per cent concentration was found to be effec- 
tive and noninhibitory to the enzymes, and this was 
used in most of the tests reported here. Another disin- 
fectant, BSM 11,4 used by some tanners in the soak 
waters, was found to be effective at a ratio of 1 part per 


3A formulation sold by the Buckman Laboratories, Mem- 
phis, Tennessee. Contains 16 per cent phenylmercuric acetate 
and 50 per cent potassium-2,4,6,-trichlorophenol in undis- 
closed solvents. 

4 The mention of trade names or companies does not con- 
stitute an endorsement by the Department of Agriculture over 
other products of a similar nature not mentioned. 
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1000 parts of hide for preventing microbial growth in 
soak waters and in enzyme solutions. 

Estimation of hair looseness. To measure hair loose- 
ness, the device shown in figure 1 was used in the ab- 
sence of a more quantitative method. The blade, under 
a constant load, was pulled for a distance of 1 in. 
across the skin; if most (over 90 per cent) of the hair 
was not removed on the first pull, additional pulls were 
made up to a total of 10. The number of pulls was re- 
corded and also an estimate of the percentage of the 
scraped area (1 square in.) that was free from hair. 
This device helps to reduce the “human factor” but an 
accurate quantitative method is still needed. 

Assay of protease activity. The method used was an 
adaptation of the Gross-Fuld method (Tauber, 1949).* 
The method is based on the principle that the degree 
of digestion of a casein solution by a proteolytic en- 
zyme, conducted under standard conditions, is propor- 
tional to the proteolytic activity of the enzyme. The 
digested casein solution, upon acidification, produces a 
turbidity which is inversely proportional to the degree 
of digestion. This turbidity is measured with ease and 
reliability in a photoelectric colorimeter. One protease 
value (PV) unit is defined as the quantity of enzyme 
which digests 1 mg of casein to the “standard turbidity 
end point” in 1 hr at 37 C and pH 7.0. 

Assay of amylolytic activity. The dextrinizing value 
(DV) of the enzyme preparations was measured photo- 
metrically using the Tappi suggested method T643sm- 
54 (1954). One DV unit represents the enzyme activity 
equivalent to the dextrinization of 20 mg of Lintner 
starch in 30 min at 30 C and pH 6.6. 


5 The authors wish to thank Mr. M. Weber, the Pabst 
Laboratories, Milwaukee, Wisconsin, for furnishing his adapta- 
tion of this method. 
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DIscussION OF RESULTS 


Relation of Hair Loosening to Proteolytic and Diastatic 
Activities of the Enzymes 


Some 37 enzyme preparations, mostly of microbial 
origin, were obtained from several commercial sources 
and their amylase and protease potencies determined as 
described above. A few enzymes from plant and animal 
sources were also included. Experiments with HT Con- 
centrate, a bacterial enzyme from the Takamine Labor- 
atories, had shown that treatment of a green salted, 
soaked steer hide with a 0.1 per cent solution (that is, 
containing 17,000 PV units per 100 ml) for 16 hr at 45 
C would loosen the hair to such a point that two or 
three scrapes with the device described in figure 1 
would remove 98 to 100 per cent of the hair. For com- 
parison, corresponding solutions of each enzyme were 
made up by weighing out the appropriate amounts of 
the individual enzyme to give 17,000 PV units per 100 
ml. Pieces of hide were placed in the solutions which 
were held in a water bath at 45 C. In most cases, the 
pH was not adjusted but in a few instances where the 
optimum for the particular enzyme was out of the 
range of the natural pH of the hide, adjustment was 
made with acetic acid or sodium bicarbonate. In one 
instance, a reducing agent was added to activate the 
enzyme. Determination of hair looseness was made 
after various periods. The results are recorded in 
table 1. 

As expected, the hair loosening on hide pieces treated 
in the same solution was not always uniform. It is well 
known that the difficulty of loosening hair varies with 
the color, black being the most difficult to loosen, red 
next, and white easiest. Different hides of the same 
color may also show considerable variation and certain 
parts of any hide are notoriously more difficult to un- 
hair than others. The results presented do give a fair 


Figure 1. Device for testing the degree of hair loosening of enzyme treated hides 
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TABLE 1 
, The depilatory action of various enzymes as related to their proteolytic and amylolytic activities 
ic 
A | Hair Looseness After 
Enzyme and Supplier Source PV Units DV Units Weed’ 
| | 16 hr 24 hr | 40 hr 
es | per g per g g/100 ml Pp Re | F i P R 
as Takamine Laboratories! | 
1 H. T. Concentrate Bacterial 170,740 61,700 0.10 3 997 | 3 99 
. 3 | 99 | 3 | 99 
m- H. T. Proteolytic Bacterial 80,470 | 29,750 | 0.21 3 | 9 | 3 | 9 | 3 | 99 
or- 3 | 95 | 3 | 95 
od, H. T. 440 Bacterial 17,475 9,460 1.00 10 90 «10 99 2 99¢ 
is 10 80 10 95 
: H. T. 44 Bacterial 1,600 1,000 10.10 10 0 |; 10 70 3 95¢ 
45 10 0 | 10 | 70 
or Clarase 300/ Fungal 1,960 | 3,490 | 8.67 | 10 | 25 | 10 | 75 | 3 | 98 
| 10 25 10 75 
m- Special Diastase 160 Plant and animal 6,720 7,200 2.59 3 99 | 2 99 
ere materials 3 9 | 2 | 99 
Pancreatin 3 USP Pancreas 66,870 16,300 0.25 10 75 | 10 99 3 98¢ 
of | 10 | 75 | 10 | 99 
100 Pabst Laboratories! | 
ich Protease Fungal 56,000 1,830 0.30 4 9% | 3 98 4 90 
the 10 | 70 | 10 | 95 
the Amylase Fungal 800 83 , 200 2425 10 0 | 10 0 4 80¢ 
10 0 | 10 0 
the Protease L-56-D Bacterial 110,400 4,530 | 0.15 | 10 | 70 | 3 | 99 
was 10 | 70 | 3 | 99 
one Amylase L-254 Bacterial 14,180 49 ,300 1.20 4 90 | 5 95 4 80 
the 10 | 70 | 10 | 95 
ade Rohm and Haas! | 
:! Rhozyme A4 Fungal (Aspergillus 14,550 3,450 1.18 10 9% 3 98 4 90 
- oryzae) 10 | 25 | 10 | 80 
Rhozyme DX? Bacterial 600 925 | 28.40 10 0 | 10 0 10 25 
ated 10 | 0 | 10 | O 
well Rhozyme B6 Fungal 16,300 1,060 1.05 10 9 | 3 95 3 95 
with 10 | 9 | 3 | 95 
Rhozyme H39 Bacterial 19,150 29,675 0.89 10 95 | 10 98 3 98 
Ted 10 95 | 10 98 
ame Rhozyme P-11 Fungal 21,775 220 0.78 10 | 9% | 3 98 
‘tain 10 | 98 | 3 | 98 
, un- Rhozyme § Fungal (A. oryzae) 9,125 2,660 1287 10 25 | 10 50 4 85 
fair 10 | 50 | 10 | 7% 
| Rhozyme 51 Fungal (A. oryzae) <500 450 | 35.00 10 0 | 10 0 10 25 
10 0 10 0 
Diastase 32 — 5,100 1,350 3.35 6 Oo} % 98 4 85 
10 0 | 10 95 
Lipase B Microbial 1,750 1,330 10.00 10 0 | 10 0 10 25 
10 0 | 10 0 
Oropon N‘ Pancreas 2,250 <250 7.59 10 0 | 10 0 10 95 
10 0 | 10 0 
Oropon N-O# Fungal 2,300 <250 7.42 4/98 | 3 | 98 
3 98 | 3 98 
Oropon N -2? Bacterial 3,000 400 5.69 4 90; <3 98 
4 80 | 3 98 
Pectinol 100D Microbial 500 185 34.15 10 0 | 10 0 10 | 25 
10 0 | 10 0 
Protease 15 Bacterial 14,750 715 | 1.16 | 3 | 98 | 3 | 98 
3 | 98 | 3 | 98 
Cellulase Enzyme 19 Fungal (A. niger) 1,160 400 14.71 10 Oo | 30 0 10 60 
1.4 O | 10 0 | 10 0 
Wallerstein! 
Mylase L1 Fungal 1,560 3,300 10.94 10 90 | 5 90 3 95 
| | | 10 | 98 | 3 | 95 
Mylase SA | Fungal (A. oryzae) | 1,736 | 3,300 | 9.80 | 10 | 8 10 | 99 | 3 | 98 
| 3 98 | 
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TABLE 1—Continued 


Hair Looseness After 
Enzyme and Supplier | Source Units | DV Units | 
16 hr 24 hr 40 hr 
per g ber g g/100 ml Pp Re P R 
Prolase 40 Fungal 20,496 500 0.83 10 95 3 98 3 | 98 
10 98 5 98 
Enzyme W3F Bacterial 840 1,660 20.30 10 0 10 0 10 | 2 
10 0 | 10 0 
Enzyme 4511-3 Bacterial | 46,300 17,000 0.37 3 99 3 99 
2 99 3 98 
Enzyme 4511-6 Bacterial 20,800 5,300 0.82 3 9 3 98 
3 98 3 | 98 
Enzyme MT7820/ | Fungal 6,700 4385 | 2.55 10 90 | 98 3 | 95 
10 | 50 7 95 
Invertase Yeast  <250 | 85.37 | 10 0 | 10 0 | 10 
| 10 0 10 0 
Viobin Corp.! 
Viokase™ Pancreas 45,000 | 5,000 0.38 10 90 10 95 6 | 95 
10-90 10 95 
Mann Research Laboratories! | | 
Papain* Plant 23 , 450 <300 0.73 10-98 6 98 3 98 
10 | 95 6 95 
Nutritional Biochemicals Corp.! | | | 
Trypsin 4xUSP Pancreatin Pancreas 66,450 3,150 | 0.26 5 95 3 95 3 | 95 
| | 5 (95 | 


* To give 17,000 PV units per 100 ml, equal to the PV potency of 0.1 per cent HT concentrate. 


*’ Number of pulls with scraper (see figure 1). 
¢ Estimation of per cent of hair removed. 


4 The two sets of figures are from different trials on the same piece or from duplicate pieces. 


¢ After 4 days’ incubation. 

/ Unhairing solution adjusted to pH 5.2. 
® Unhairing solution adjusted to pH 5.6. 
Not disclosed. 

‘ Unhairing solution adjusted to pH 8.2. 
7 Unhairing solution adjusted to pH 5.0. 
* Sulfite added as activator. 


' Takamine Laboratories, Clifton, New Jersey; Pabst Laboratories, Milwaukee, Wisconsin; Rohm & Haas Company, Phila- 
delphia, Pennsylvania; Wallerstein Company, Inc., New York, New York; Viobin Corporation, Monticello, Illinois; Mann Re- 
search Laboratories, New York, New York; Nutritional Biochemicals Corporation, Cleveland, Ohio. 

™ Whole pancreas, desiccated and defatted after being activated to the highest possible proteolytic activity. 


indication of the relative effectiveness of the different 
preparations. 

The evidence is very strong that the enzyme assays 
used for proteolytic potency did not measure the hair 
loosening power of the enzyme preparations. 

If the hair loosening activity were due to the proteo- 
lytic action measured by the Gross-Fuld procedure, 
the same degree of loosening should have been obtained 
in all cases since all solutions were of equal PV concen- 
tration. This is obviously not the case. The first four 
preparations listed in table 1 are from the same organ- 
ism, a thermophilic bacterium, yet though the same 
number of protease units was present in each case the 
hair loosening activity was very different. However, 
when the preparations were ranked according to pro- 
teolytic activity there was a rather high correlation 
with hair loosening even though adjustment had been 
made to give solutions of equal activity. This would 
seem to indicate that there is a hair loosening compo- 


nent that increases more rapidly than the total proteo- 
lytic activity as the latter increases. 

The dextrinizing values (DV) show even less correla- 
tion with hair loosening power than protease values. 
The preparation having the highest DV potency, a 
bacterial amylase, had very poor hair loosening power; 
conversely, some relatively effective hair loosening 
preparations were very low in dextrinizing power, for 
example Rhozyme P-11 (table 1). 

That bating activity of enzymes is not equivalent to 
hair loosening power is shown by the fact that the 
Oropons, which are bates used by the leather industry 
and are approximately equivalent as far as the bating 
action on hides and skins is concerned, did not give the 
same degree of hair loosening. Oropon N, prepared from 
pancreas, was decidedly inferior to the fungal and bac- 
terial products as hair loosening agents. 

Under conditions of these experiments, which did not 
involve alkaline pretreatment of the hide, none of the 
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preparations from pancreas were outstanding depila- 
tories. This is interesting because most of the previous 
attempts to use enzymes for unhairing were based on 
pancreatic enzymes. 

Whatever the actual component or components 
which hold the epidermis to the corium, the ability to 
loosen the bonds seems to be rather widespread, for 
plant, animal and microbial preparations all possess the 
activity to some degree. If incubated long enough, all 
preparations showed some hair loosening activity. In 
some, however, particularly the nonproteolytic en- 
zyme, such as lipase B, Pectinol 100D, cellulase Enzyme 
19, Invertase, Enzyme W3F, Rhozyme DX, and Rho- 
zyme 51, it was very weak. 

From these results, it appears that several of the 
preparations tested could possibly be developed for 
commercial use. The final criterion, however, is whether 
enzyme unhaired hides and skins can be converted into 
salable leather, and that is yet to be determined. 
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SUMMARY 


Studies with bacterial, fungal, and other enzymes re- 
vealed varying degrees of depilatory action. This ac- 
tivity could not be definitely correlated with the 
proteolytic or dextrinizing power as measured by hy- 
drolysis of casein and starch. 
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The use of infrared absorption spectra of bacteria as 
an aid to their identification seemed promising to 
Stevenson and Bolduan in 1952. Since then, Levine et 
al. (1953b) and Riddle et al. (1956) in the United States 
and Norris (1953) and Thomas and Greenstreet (1954) 
in England have come to similar conclusions. Inasmuch 
as these investigators worked primarily with animal 
pathogenic and enteric microorganisms, we undertook 
to broaden the scope of inquiry. 

In the course of investigations, it was observed that a 
group of 40 strains had spectra which were unique in 
displaying a strong absorption band at 5.7 yw, coupled 
with weaker bands at 7.6 and 8.5 uw. The vast majority 
of spectra which were examined showed no band at 5.7 
and either none or very weak bands at 7.6 and 8.5 yp. 
Fourteen species in 7 genera of bacteria are embraced 
in this group of 40 strains, a broad distribution for so 
small a group. However, 25 of the 40 fall in the genus 
Bacillus. 

Besides wondering at the concentration of this phe- 
nomenon upon the genus Bacillus, we were curious as 
to why some strains of Bacillus megaterium never pro- 
duced the 5.7 type of spectrum while others did. Our 
curiosity was further heightened by the observation 
that all strains of Bacillus cereus and its varieties which 
we examined were capable of giving spectra of the 5.7 
type. 

In addition to the taxonomic implications of these 
observations, we were interested in discovering which 
one or combination of medium ingredients would evoke 
the 5.7 type of curve and in investigating the effect of 
the age of the culture at the time of film preparation 
upon the 5.7 u and contingent bands in the spectra of 
aerobic sporeforming bacteria. 


MATERIALS AND METHODS 


Microorganisms. We selected 107 strains of aerobic 
sporeformers including both infrared types, that is, 
those which never under any conditions investigated 
gave spectra of the 5.7 type and those which gave rise 
to the 5.7 type spectrum following growth on medium 


1 This work was supported by a contract with the Chemical 
Corps, Fort Detrick, Frederick, Maryland. 

2 One of the Divisions of the Agricultural Research Service, 
U.S. Department of Agriculture. 


107AT. All the strains were from the Culture Collection 
of the Northern Utilization Research and Development 
Division. Authenticity of all but 9 is further assured by 
virtue of having been obtained from Dr. Nathan R. 
Smith, who, with Drs. Ruth E. Gordon and Frances E. 
Clark, identified them in the course of their study of 
the aerobic sporeforming bacteria (Smith et al., 1952). 
The histories of these strains are recorded in the afore- 
mentioned monograph. Table 1 gives the histories of 
the 9 strains obtained from other sources. 

Media. A variety of media was used. Stock cultures 
were maintained on tryptone-glucose-yeast extract 
slants (TGY) according to the formulation and recom- 
mendations of Haynes et al. (1955). The preliminary 
observations which led to this investigation were ob- 
tained by using cultures grown on “fortified tryptose 
agar 107AT.” 

For the experiments on effect of medium compo- 
nents on the infrared curve, the base medium shown 
in table 2 was used. Carbon and nitrogen sources were 
added to suit the purposes. At first, four media were 
investigated in an attempt to assign responsibility to 
either tryptone (principal nitrogen source in TGY), 


TABLE 1 


Histories of strains not reported in monograph on aerobic 
sporeforming bacteria* 


Date 
Re- 


NRRL No. e 
ceived 


Donor and Prior History 


B-543 1943 | H. D. Lightbody as 570; H. Humfeld; N. R. 
Smith as 231; K. F. Kellerman 

B-558 1943 | Isolate (same as No. 1088 of Smith ed al. 
(1952) ) 

B-675 1946 | W. C. Tobie 

B-765 1948 | ATCC as 6633; N. R. Smith as 231; K. F. Kel- 
lerman 

B-938 1949 | Western Utilization Research and Develop- 
ment Division as APF 1 

B-971 1949 | P. Stansly as 398 

B-972 1949 | P. Stansly as 398-9 (streptothricin resistant) 
B-1001 | 1949 | ATCC as 10716; B. A. Johnson as Tracy I 
(same as No. 1333 of Smith et al. (1952)) 
B-1246 | 1950 | Contaminant 


*Smith, N. R., Gordon, R. E. and Clark, F. E. Aerobic 
Sporeforming Bacteria. U. S. Dept. Agr., Agr. Monograph No. 
16, 148 pages. 
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tryptose (principal nitrogen source in 107AT), or glu- 
cose (present in both TGY and 107AT but at different 
levels), or to combinations of them. The composition 
of these media, labeled I, II, III, and IV, as well as of 
107AT and others, is given in table 2. 

Conditions of growth. Each strain was serially trans- 
ferred three times at intervals of a day on each medium 
from which films were to be prepared. This was done 
to make sure that stored nutrilites originating from 
cultivation on TGY would be exhausted from the 
growth before examination by infrared spectroscopy. 
Incubation was at 30 C on agar slants or Petri plates. 
Cultures were harvested routinely at 24 hr except when 
culture age was the factor under study. 


TABLE 2 
Composition of media used 


Ingredients Quantity 


Medium 107AT (fortified tryptose agar) 


Before sterilization adjust pH to 6.8 


Base Medium* 
Solution A (10% each of K,HPO, and KH2PO, in 
Solution B (aqueous solution of 4% MgSO,-7H2O 
and 0.2% each of NaCl, MnS0O,-4H20, and 


10 ml 
Each in a stock solution 20 ml 
Pyridoxine-HCl...... of 10 mg/100 ml distilled 20 ml 
Calcium pantothenate} water 10 ml 
Thiamine-HCl........ 10 ml 
Biotin (stock solution of 0.5 mg in 100 ml of dis- 


Make up to 1000 ml with distilled water 


Media Designated by Roman Numerals 


Medium Designation 
Supplement to Base Medium 


I II | IV | VIL | VII-T 
% | % % | % % % 


* After supplementing the base medium with selected C- and 
N-compounds, the resulting media are designated by Roman 
numerals. Before sterilization-each medium is adjusted to 
pH 7. 

+ The glucose in medium VII was replaced by other nonni- 
trogenous carbon compounds in some experiments. 


In the part of the study devoted to the effect of cul- 
ture age, medium VII-T was used. The molten agar 
medium was dispensed in large (13.5 em) Petri plates 
and was allowed to solidify. The agar was streaked with 
the test bacteria in a manner to elicit growth over the 
entire surface of each plate. By this means a suitable 
culture to sample at selected ages was provided. 

Preparation of bacterial films. A portion of bacterial 
growth was transferred to a drop of water atop a silver 
chloride plate (4 by 2 cm) and mixed with a rubber 
policeman until a uniform suspension was obtained. 
The suspension was spread into a film which was al- 
lowed to dry in air before examination by infrared 
spectroscopy. 

Each culture to be examined was used to prepare 
three films at a time, each of anticipated different 
thickness. In the absence of a method for precisely con- 
trolling the film thickness, this “random smear’’ tech- 
nique was relied upon to give at least one satisfactory 
preparation for each culture. 

As a matter of routine, the foregoing procedures of 
film preparation and spectrum recording were always 
repeated with a duplicate culture of each strain. The 
second culture was generally grown at a different time 
than the first. Thus, two sets of spectra were obtained 
for each strain on each medium. When the effects of 
culture age were being studied, the same routine was 
followed with samples removed at different times. 

Before subjection to infrared spectroscopy, each film 
was “sandwiched” by placing another silver chloride 
plate on top of the film and taping the two plates to- 
gether. This precaution, originally intended to prevent 
dissemination of pathogens, became established prac- 
tice also with nonpathogens. 

Daily instrument check. A Perkin-Elmer Model 21 
Spectrophotometer*®: 4 was used exclusively in this in- 
vestigation. It was checked daily with a bacterial film 
reserved as a reference standard. The standard dis- 
played a very strong band at 5.7 yw, the sharpest ob- 
served in the spectra of microorganisms. If differences 
appeared between duplicate spectra, other than those 
attributable to film thickness or instrument-scale fac- 
tors, the instrument was rechecked with the reference 
film. 

Procedure for recording infrared curves. All curves 
were recorded with a 5-in. transmission scale. Two 
silver chloride plates, without films, of similar surface 
condition were placed in the comparison beam. All 
films were placed in a fixed centered position and the 
record of the film was taken from 3 to 13 u. 


3 The Perkin-Elmer Corporation, Norwalk, Connecticut. 

4The mention of firm names or trade products does not 
imply that they are endorsed or recommended by the Depart- 
ment of Agriculture over other firms or similar products not 
mentioned. 
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RESULTS 


Only 40 strains of bacteria of 356 investigated pro- 
duced infrared spectra of the 5.7 type following growth 
on medium 107AT. Among them were 25 aerobic spore- 
formers comprising all tested strains of B. cereus and 
its varieties mycoides and thuringiensis, and certain 
strains of B. megaterium and B. licheniformis. Other 
strains of the latter 2 species and authentic representa- 
tives of 14 other species in the genus never produced 
spectra of the 5.7 type. Altogether 107 strains in the 
genus Bacillus were studied. Table 3 lists them by 
name and infrared type. 

Figure 1 shows two spectra of B. megaterium NRRL 
B-349. The upper one, derived from growth from me- 
dium III which is not supplemented with glucose, is a 
non-5.7 type curve grossly similar to those produced 
by most of the bacteria whose spectra we have seen. 
The lower one is a typical 5.7 type. The growth from 
which this film was made came from medium IV which 
contained 1 per cent of glucose. All 5.7 type aerobic 
sporeformers gave the 5.7 type curve in response to the 


[voL. 6 


presence of glucose in the culture medium. On the con- 
trary, they produced non-5.7 type spectra if glucose 
was omitted from the growth medium. The spectra of 
non-5.7 type strains never displayed the characteristic 
features of the 5.7 type spectrum regardless of the 


presence of glucose. 


Whether the nitrogen source is organic, as in tryp- 
tone and tryptose, or whether it is inorganic, as in 
NH,NOs, seemed inconsequential insofar as the differ 
ential characteristics of our spectral types were con- 
cerned. However, when NH,NQ; is the principal source 
of nitrogen, the absorption peaks and valleys tend to 
be sharper; hence, medium VII was generally preferred 
for succeeding experiments. Other observations consis- 
tent with the foregoing led us to suppose that glucose 
is a precursor of a substance responsible for introduc- 
tion of the 5.7 » and contingent bands into the spectra 
of certain aerobic sporeformers.. Preliminary experi- 
ments with 0.5, 1, 2, and 4 per cent, glucose in medium 
VII showed that 1 per cent was the least amount of 
glucose which would evoke a typical response in 5.7 


TABLE 3 


Classification of test strains according to the presence of the 5.7 type spectrum* 


Name Strain Numberst Classification 

Bacillus cereus. var. 233 (B-346) ; 306; 911(B-347) ; 912 
Bactllus cereus var. thuringtensis. ....... 996; 1124; 1328 + 
358 (B-378) ; 726(B-380) ; 831; 1136 

B-1001; 1263; 1264 - 

893; 894(B-1827) ; B-938; 951; 952; + 

957 (B-353) 

239(B-350) ; 246(B-351) ; 308; 607; 608; | 

610; 623; 627; 822; 824; 828; 829; - 

835; 837; 872; 895; 907; 923; 931 
1317; 1318; 1319; 1320 

1105 
Bacillus subltlie var. 624(B-362) ; 653; 659; 740 
Bacillus subtilis-licheniformis intermediate. .................. B-972 


* Obtainable with cells grown on media containing glucose 


or a suitable substitute. 


+ Strain numbers preceded by B- are Northern Utilization Research and Development Division Culture Collection numbers. 


All others are as assigned by Smith ef al. (1952). 
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type strains. On the other hand, the non-5.7 type 
spectrum was unaffected by changes in the concentra- 
tion of glucose within these limits. 

The question arose whether other nonnitrogenous 
carbon compounds might substitute for glucose in 
bringing out the 5.7 type of spectrum. Among a num- 
ber of compounds investigated, galactose, glycerol, and 
fructose were often as efficacious as glucose in eliciting 
the 5.7 type growth. 


Medium JV 


9 


2 


TRANSMITTANCE 


WAVELENGTH IN MICRONS 
Figure 1. Effect upon the spectrum of Bacillus megaterium 
NRRL B-349 of growth in the presence and the absence of 
supplementary glucose. Medium III, no glucose; medium IV, 
1 per cent glucose added. 


Until this point in the studies, films had been made 
only from 24-hr cultures. To study the effect of culture 
age on the spectra, four strains were selected: two to 
represent the 5.7 type (NRRL B-349 and NRRL B- 
1827, B. megaterium) and two to represent the non- 
5.7 type (NRRL B-971 and NRRL B-765, B. subtilis). 
Figure 2 shows the sequence of changes with age in a 
medium VII-T culture of B. megaterium, NRRL B-1827. 
This strain grows rapidly, and satisfactory preparations 
at 4 hr were made. At this early age, the 5.7 » band was 
already present and showed about the same intensity 
of absorption as the 6.05 » band, which is usually the 
most strongly absorbing band. The typical curve did 
not develop until a 12-hr growth was used. Subse- 
quently, there was little further change until age 24 hr 
when a reduction in absorption relative to the 6.05 u 
band was noted. The characteristic features of the 5.7 
type were absent from the spectra of cultures 48 hr old 
or older. 

NRRL B-349, the other strain of B. megaterium, 
differed in several ways from NRRL B-1827, although 
both are 5.7 types. The 5.7 u band was very weak at 
7 and 12 hr. Even at 24 hr, although the curve was 
typical, the 5.7 » band had not reached its maximum 
absorption; nor did it within 7 days. The spectrum of 
14-day-old growth finally showed a 5.7 » band of equal 
intensity to the adjacent 6.05 » band. 

Although there were changes with time in the non- 
5.7 type cells, a 5.7 » band never manifested itself in 


4 Hours 18 Hours 72 Hours 
= Zz z 
< 7 Hours < 24 Hours < 
= 
y Z 
< < 
14 Days 
12 Hours 48 Hours 
? WAVELENGTH IN MICRONS WAVELENGTH IN MICRONS 


WAVELENGTH IN MICRONS 


Figure 2. Effect of culture age upon the spectrum of Bacillus megaterium NRRL B-1827 
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the spectra of either B. subtilis NRRL B-971 or strain 
NRRL B-765. Figure 3 depicts the sequence of de- 
velopments in NRRL B-765, B. subtilis. Results with 
the other strain of B. subtilis were quite similar. 

An interesting comparison is shown in figure 4. 
Except for the presence of a small 5.7 » band, the im- 
mature cells of B. subtilis, NRRL B-765, a typical non- 
5.7 type, and B. megaterium, NRRL B-349, a typical 
5.7 type, are strangely similar. 
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Figure 3. Effect of culture age upon the spectrum of Bacillus 
subtilis NRRL B-765. 


B. subtilis 
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Figure 4. Comparison of the spectra of immature cells of 
Bacillus subtilis NRRL B-765 and Bacillus megaterium NRRL 
B-349. 
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Discussion 


In 1956, Kull and Grimm (1956a, b) reproduced some 
bacterial spectra among which was the spectrum of a 
strain of B. megaterium that they had made resistant 
to 8 ug per ml of ‘Su 2079” [1-(p-butoxyphenyl)-3-(p- 
diethylamino-p-phenetyl)-2-thiourea monohydrochlo- 
ride]. It is the only published example we have seen 
of the bacterial spectrum we designate the “5.7 type.” 
A spectrum of this type is shown in figure 1, lower 
curve. It is unique in possessing a distinct, strong 
5.7 w band with contingent 7.6 and 8.5 » bands. The 
upper curve resembles a non-5.7 type spectrum. 

In the studies, the 5.7 type spectrum was encountered 
somewhat more frequently than might be expected 
from its scarcity in the literature. Microorganisms of 
this spectral type are not numerous as may be inferred 
from the fact that only 40 strains of this type were 
found among the 356 investigated. However, 25 of the 
40 belong to 3 species in the genus Bacillus. Although 
no other strains of the 5.7 type were found among 
another 14 species of the genus, it appears likely that 
the highest incidence of bacteria of this spectral type 
will be found in the genus Bacillus. 

Bacteria of the 5.7 type are recognizable by virtue 
of the fact that they produce the 5.7 type spectrum 
following growth on a medium supplemented with 
glucose, whereas the spectrum obtained following 
growth on a similar medium without glucose resembles 
that of non-5.7 types. 

Levine et al. (1953b) had previously noted that 
“incorporation into the growth medium of a utilizable 
carbohydrate often results in small but reproducible 
changes in the bacterial spectrum.” They reported the 
appearance of absorption bands at 8.7, 9.25, and 9.75 » 
in the spectra of enterobacteria grown on nutrient agar 
with added carbohydrate; while in the spectra of the 
same strains grown on nutrient agar without added 
carbohydrate, only the 9.25 » band was observed in 
this spectral region. Later Levine et al. (1953a) identified 
glycogen as the substance responsible for the spectral 
change. We believe the spectral changes brought about 
by growing aerobic sporeformers in the presence of 
glucose and substitutes are likewise due to the presence 
of unidentified intermediate or end products of bacterial 
metabolism. 

Levine et al. (1953b) also noted that the spectral 
changes induced by cultivation of enteric bacteria 
in glucose media varied with the age of the culture. 
Likewise, we observed changes in the 5.7 type spectrum 
associated with culture age. Consequently we wondered 
if the presence or absence of the 5.7 type spectrum 
might be a function of culture age. If so, the difference 
between 5.7 and non-5.7 types might be reduced to a 
difference in the relative rates of synthesis and utiliza- 
tion of the 5.7 band material. This proved not to be the 
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ease insofar as the two strains of B. subtilis were con- 
cerned. They failed to produce a 5.7 type spectrum 
at any culture age investigated. 

The two strains of B. megaterium representing the 
5.7 type did show differences associated with culture 
age. It would seem that NRRL B-349 accumulates 
the 5.7 band material at a much slower rate than 
NRRL B-1827, and either does not utilize it or does so 
still more slowly. This conclusion is based on the fact 
that maximum absorption at 5.7 w was not observed 
in spectra of NRRL B-349 cultures until an age in 
excess of 7 days was attained. In contrast, the 5.7 u 
band in the spectrum of a 12-hr culture of NRRL 
B-1827 had already reached maximum absorption. In 
the spectrum of a 48-hr culture, the 5.7 type spectrum 
was no longer observed. Such observations lead us to 
suppose that NRRL B-1827 synthesizes the 5.7 uw 
band material very rapidly in young cultures, but the 
rate of utilization soon exceeds the rate of synthesis. 
The existence of two subtypes among the 5.7 type 
strains of B. megaterium is suggested by the above. 

Riddle et al. (1956) have contrasted the close super- 
imposability of spectra of many strains of certain 
species with the variability of spectra of B. cereus and 
of other aerobic sporeformers. In our experience this 
is true specifically of B. megaterium and B. licheni- 
formis but only if the nutrient medium used to grow 
them contained glucose or a suitable substitute. It 
may also be true of B. cereus following growth in glucose 
media although the 12 strains we investigated were 
consistent in giving 5.7 type spectra. It was not true 
of 46 strains representing 14 other aerobic sporeformer 
species. In contrast, if media devoid of added glucose 
or other 5.7 band material precursor is used, the spectra 
of all strains of each of the 17 species studied were very 
similar. Elimination of the variability of spectra within 
certain species of the genus Bacillus apparently may be 
accomplished by excluding glucose or other 5.7 type 
stimulant from the culture medium. 

From the standpoint of classification it seems re- 
grettable that the 5.7 type spectrum is not charac- 
teristic of a large taxonomic group so that it might be 
useful in expediting rapid identification. As it turns out, 
it is of limited and probably impractical usefulness. 

Kull and Grimm (1956a) reported finding the spec- 
trum we designate the 5.7 type only in certain strains 
of B. megaterium which the had made resistant to 
chemotherapeutic agents. In a later paper (1956b), 
these investigators imply that a 5.7 » band is not to be 
seen in the spectra of strains of unmodified resistance. 
In our experience such an implication is unjustified. 
Twenty-four aerobic sporeformers which produce the 
5.7 type spectrum following growth on 107AT medium 
have never been exposed to antibiotics or other chemo- 


therapeutic agents and are presumably not resistant 
to them. 


On the other hand, we confirmed the fact that some 
antibiotic resistant strains are of the 5.7 type. Among 
our 5.7 type strains was NRRL B-972, a streptothricin- 
resistant substrain of B. subtilis NRRL B-971, the 
sensitive parent. The parent strain, unlike its offspring 
but like all the other strains and varieties of B. subtilis 
we examined, was a non-5.7 type. Apparently as a con- 
sequence of the induction of resistance, the substrain 
showed other changes necessitating its reidentification 
as a B. subtilis-B. licheniformis intermediate. 
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SUMMARY 


Among some 4000 infrared curves of 356 strains of 
bacteria which were grown on fortified tryptose agar, 
we found some which were distinguished by a distinct 
band at 5.7 wu and by subsidiary bands at 7.6 and 8.5 yp. 
The majority of these unique spectra belong to 25 
strains of the genus Bacillus. Ten are Bacillus mega- 
tertum, 12 are Bacillus cereus and varieties, and 1 is 
Bacillus licheniformis. All strains and varieties of B. 
cereus are consistent in producing the 5.7 type spectrum 
after growth in appropriate media. On the contrary, 
19 additional strains of B. megaterium and 3 of B. 
licheniformis, as well as 47 strains representing 14 other 
species in the genus, did not produce spectra of the 5.7 
type. Further investigation revealed that the 5.7 type 
spectrum is not produced by any of these aerobic spore- 
formers, if grown in the absence of glucose, galactose, 
glycerol, fructose, or other satisfactory precursor. 

Two subtypes of the 5.7 type B. megaterium were 
recognized based on the effect of culture age upon the 
spectrum. In one, the 5.7 u« band reaches maximum ab- 
sorption in spectra of young cells and then diminishes 
progressively with increasing age of the cells used to 
make the film. In the other, maximum absorption at 
5.7 uw is seen only in the spectra of old cells and does 
not diminish in the spectra of older cells. 


ADDENDUM 


As we were about to submit the above paper for pub- 
lication, a note by A. C. Blackwood and Agnes Epp 
entitled, “Identification of 8-hydroxybutyric acid in 
bacterial cells by infrared spectrophotometry” (J. 
Bacteriol., 74, 266-267) appeared. It seemed from 
this preliminary report that these investigators might 
have isolated the substance which we have referred to 
as the 5.7 » band material. In order to explore this 
possibility we grew NRRL B-349 and NRRL B-1827, 
both strains of B. megaterium, in our VII-T medium 
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at 28 C on a Gump shaker. Cells of each strain aged 
24 and 72 hr were hydrolyzed and extracted according 
to the procedure suggested by C. Péaud-Lenoél (1949 
Bull. soe. chim. biol., 31, 1562-1563). In each case a 
white flakey substance was recovered from the chloro- 
form extract. (Yields ranged from 100 to more than 
700 mg per L.) The spectra of the four samples thus 
obtained are strikingly similar and almost identical 
with the published spectrum of the material extracted 
from similar cells by Blackwood and Epp (loc. cit.). 
The spectra of the extracted cell residues of B-349 are 
virtually free of a 5.7 w band. The spectrum of the 
B-1827-cell residue, B in figure 5, has a residual band 
at 5.7 w, but it plainly is considerably smaller than 
it is in the unextracted cells. 

By these experiments, we have shown that the sub- 
stance responsible for the 5.7 w band in the spectra of 
5.7 type cells is the same material extracted by Black- 
wood and Epp and concluded by them to be poly- 
merized 8-hydroxybutyrie acid. We have been able to 
prove this correct by depolymerizing the polybutyrate 


TRANSMITTANCE 


2 S 6 8 10 12 14 
WAVELENGTH IN MICRONS 
Figure 5. Spectra of Bacillus megaterium NRRL B-1827 
before (A) and after (B) chloroform extraction, of the ex- 
tracted polybutyrate (C) and of the depolymerized polybuty- 
rate (D) in comparison with the spectrum of a commercial 
sample of dl-8-hydroxybutyric acid 
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and comparing its spectrum with that of commercial 
dl-8-hydroxybutyrie acid. Figure 5 shows several 
spectra, the uppermost (A) being that of untreated cells 
of NRRL B-1827 from medium VII-T. The spectrum 
of the cell residue which remains after acid hydrolysis 
at 120 C and subsequent neutralization, but before 
chloroform extraction, is essentially the same as that 
of untreated cells. Curves B and C show, respectively, 
the spectrum of the chloroform extracted residue and 
of the chloroform extract. Obviously the extraction has 
removed most of the 5.7 u band material from the cell 
residue and has left it in the chloroform extract. We 
succeeded in depolymerizing the polymer from the 
chloroform extract. The spectrum of the depolymerized 
material (D) is shown in comparison with the spectrum 
of a commercial lot of di-8-hydroxybutyric acid (2) 
in the two bottom curves in figure 5. The latter spectra 
are nearly identical and clearly represent curves of the 
same substance. 

In the light of these data, we are convinced that 
polymerized 8-hydroxybutyric acid is the substance 
spoken of as the 5.7 w band material in the body of 
our paper. 
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The propagation of mammalian cells in stainless 
steel fermentors of a type used in antibiotic fermenta- 
tions represents a marked departure from the techniques 
employed _in classical tissue culture studies. Since the 
pioneer work of Harrison (1907), in which he demon- 
strated the outgrowth of cells from nerve tissue main- 
tained in vitro, many techniques for the zn vitro culture 
of cells have been developed. 

An older method of cell culture, which is still used, 

consists of imbedding small fragments of excised tissue 
in a drop of nutrient medium on the glass surface of a 
test tube or flask. The medium generally includes 
embryo extracts and blood plasma which form a co- 
agulum about the tissue mass. The imbedded tissue 
may be bathed in a nutrient solution, composed of 
serum, carbohydrate, amino acids, or protein hy- 
drolyzates, and salts. The small amount of tissue 
produced as well as the nature of environmental con- 
ditions make application of this system to viral, 
nutritional, and physiological studies most difficult 
(Parker, 1950). 
_ Another technique, the cultivation of cells as a mono- 
layer on glass surfaces, was described by Carrel and 
Ebeling (1922). Today the culture of cells as mono- 
layers in flasks and bottles is the most widely used 
method (Hanks et al., 1955). The preparation of cells 
for monolayer culture requires their dispersion from 
clumps and tissue masses by mechanical means or by 
the use of agents such as trypsin and Versene. The 
dispersed cells are suspended in a nutrient medium and 
allowed to settle onto the bottom of the glass vessel 
where they adhere to the glass surface and multiply. 
This method makes possible investigations concerned 
with the nutrition of the cells as well as the kinetics of 
virus-host cell reactions. However, the amount of cells 
which can be produced is necessarily limited and 
quantitation of cell responses to imposed conditions 
lacks precision. 

Recent investigations have established the feasi- 


1 Contribution No. 29 from Microbiology in Medicine, 
Wistar Institute. 

* The investigations herein reported were conducted under 
a contract with the U. S. Army Chemical Corps, Fort Detrick, 
Frederick, Maryland. 

* Submitted in partial fulfillment of the requirements for 
the candidate’s Ph.D. degree. 


bility of propagating several mammalian cell lines as 
discrete units in agitated fluid suspension (submerged 
culture). A variety of techniques and environmental 
conditions have been proposed for the cultivation of 
tissue cells in the submerged state. These include the 
rotary shaker of Earle et al. (1956), the tumble tube of 
Owens et al. (1953), the roller tube of Graham and 
Siminovitch (1955), the suspended stirrer in Erlenmeyer 
flasks of Cherry and Hull (1956), Powell’s (1954) 
hexagonal roller tube, Hardy and Brown’s (1957) 
wrist shaker, and the glass stirrer of Danes (1957). 
Investigations conducted in our laboratories led to the 
development of a culture system designated by us as 
the spinner culture (McLimans et al., 1957a). Using 
the spinner culture system, the following stable cell 
lines were propagated successfully in submerged culture 
as single discrete cells; HeLa (Gey et al., 1952), L cell 
(Earle et al., 1943), human conjunctiva (Chang, 1954), 
and human amnion (Fogh ef al., 1957). 

The spinner culture consists of a stationary flask 
in which a Teflon-covered magnet is suspended by a 
swivel. Agitation of cell suspensions is obtained by 
placing the flask with the suspended Teflon magnet in 
the field of a magnetic stirrer. This system permits the 
cells to proliferate, in most instances, as suspensions 
of single discrete cells, without clumping or sticking 
to the walls of the flask. The spinner culture has served 
as the prototype for scale-up of the submerged culture 
system to successful propagation of several cell lines in 
a conventional 5-L New Brunswick Fermentor‘ 
(McLimans et al., 1957b). 

The successful adaptation of these techniques to 
larger size equipment is the subject of this paper. The 
propagation of mammalian cells, by the methods de- 
scribed, permits one to contemplate the production of 
viral vaccines, hormones, and other physiological 
agents by methods analogous to techniques employed 
in microbiological fermentations. 


MATERIALS AND METHODS 


Twenty-L Stainless Steel Fermentor. A diagram of the 
20-L stainless steel fermentor® is given in figure 1. 


4 New Brunswick Scientific Co., New Brunswick, New Jersey. 
5 Twenty L Stainless Steel Fermentor fabricated by Stain- 
less & Steel Products Co., St. Paul, Minnesota. 
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The fermentor shell of this equipment was fabricated 
from type 316 stainless steel alloy, an alloy known to 
be nontoxic to certain mammalian cells cultured in 
vitro (Giardinello et al., 1958). All lines and service 
connections which are in direct contact with the culture 
chamber are constructed of stainless steel of a suitable 
alloy. Valves, including those in the air lines, steam 
lines, and drain lines, are diaphragm-type valves with 
stainless steel bodies. Neoprene® diaphragms have been 
found to be satisfactory in the operation of these valves. 
However, direct toxicity tests of the Neoprene 
diaphragm material have not been carried out. 

A 6-bladed, 4-in. impeller driven by a Reeves Vari- 
Speed Motodrive’ is used to agitate the cell suspensions. 
Cell culture in this equipment has been carried out with 
agitation speeds varying from 140 rpm to 190 rpm. 
The speed of agitation of the culture has not appeared 
to be a critical factor as evidenced by the similar rates 
of growth observed under different rates of agitation. 
Generally, the speed of agitation was adjusted to a 
point at which vigorous movement of the suspension 
was attained without foaming. Volumes of 6 L, the 
smallest volume which can be handled in this equip- 
ment, were agitated at 140 to 160 rpm. Volumes of 12 L 
were agitated at 170 to 190 rpm. Under these conditions, 
there was no evidence that the cells settled out or 
adhered to the walls of the fermentation vessel. 

Sterilization of all components of the fermentor was 
accomplished by in-place steam sterilization. A steriliza- 


6 Grinnell Company, Inc., Providence, Rhode Island. 
7 Reeves Pulley Co., Columbus, Indiana. 
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Figure 1. Twenty L stainless steel fermentor 


tion period of 2 hr at 18 lb per in.? with steam being 
bled through the filters and outlets has given com- 
pletely satisfactory results, both in actual operation and 
in sterility tests. 

Aeration of submerged tissue cultures by sparging 
gas into the bottom of the fermentation vessels has 
been found unnecessary. Hence, tank cultures were 
maintained with a gas overlay. Further simplification 
of the aeration system was afforded by the use in the 
growth medium of an increased phosphate buffer con- 
centration, which eliminated the necessity of the use 
of the conventional bicarbonate-gaseous carbon dioxide 
buffer. Since the need for carbon dioxide gassing was 
circumvented, the submerged cultures were aerated 
only with air from a small air compressor at a flow-rate 
of 0.5 to 2.0 L per min. The air was sterilized by passage 
through a glass wool-packed column. A positive pressure 
of 5 to 8 lb per in. within the fermentors appeared to 
aid in the exclusion of contaminants from the tissue 
culture system. 

An incubation temperature of 36 to 37 C was main- 
tained by the circulation of water from a constant 
temperature water bath through the water jacket of 
the fermentor. 

Medium. The culture medium employed in these 
studies was composed of amino acids, glutamine, and 
vitamins in concentrations recommended by Eagle 
(1955) and a modification of the balanced salts-buffer 
solution devised by Earle et al. (1956). It should be 
noted that an increased phosphate concentration has 
permitted the omission of sodium bicarbonate. Com- 
parative studies with several cell lines have demon- 


TABLE 1 
Modified Eagle’s medium employed for submerged culture studies 


t Amino Acids (g/L) Vitamins (mg/L) 


Arginine- HCl 0.021 | Biotin | 1.0 
Cystine 0.012 | Choline 1.0 
Histidine- HCl 0.008 | Folie acid 1.0 
Isoleucine 0.026 | Nicotinamide 1.0 
Leucine 0.026 | Pantothenic acid 1.0 
Lysine- HCl 0.026 | Pyridoxal 1.0 
Methionine 0.008 | Thiamin 1.0 
Phenylalanine 0.016 | Riboflavin 0.1 
Threonine 0.024 
Tryptophane 0.004 Glucose 2.5 g/ml 
Tyrosine 0.018 Phenol red 0.01 g/L 
Valine 0.024 | Methocel* (meth- 
Glutamine 0.300 yleellulose-4000 
CPS) 1 g/L 
Salts (g/L) Serum (heat in- 
activated: 

NaCl 7.0 56 C, 10 min) 10% 
KCl 0.4 Penicillin 100 units/ml 
MgS0O,-7H2O0 0.2 Streptomycin 50 ug/ml 
NasHPO; 1.44 Mycostatin 30 units/ml 


* Dow Chemical Co., Midland, Michigan. 
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strated that medium buffered with m/100 phosphate 
permits cell proliferation equal to the growth obtained 
in a CO: bicarbonate buffered medium. The complete 
ingredients of the medium are listed in table 1. 

The necessity for complete medium changes was 
eliminated by the periodic addition of the amino acid, 
arginine (Thomas et al., 1958), to the actively pro- 
liferating cell suspension. The use of this technique, 
together with the addition of fresh medium, allowed 
the cultures to be maintained for periods of 10 to 20 
days without medium changes. 

Cell lines. Propagation of three cell lines was studied 
in the 20-L fermentation equipment. These are strain 
L, a mouse fibroblast; strain HeLa, an epithelial-type 
cell isolated from a human cervical carcinoma; and 
strain KD of the ERK cell line (Westwood et al., 1957), 
isolated from embryonic rabbit kidney. The latter cell 
line is of special interest because it supports the pro- 
liferation of the virus of poliomyelitis (Sheffield and 
Churcher, 1957). 

Cell stocks of each of these cell lines were maintained 
routinely both in spinner culture (suspended agitated 


culture) and in bottle culture (stationary culture). - 


Inoculum for the initiation of the stainless steel 
fermentors was produced in 3 L volumes in New Bruns- 
wick fermentors. 

Inocula for cultures initiated in the New Brunswick 
fermentors were obtained either from a spinner culture 
or from glass-grown cells. Either source of inoculum 
has proved to be satisfactory. Tissue cultures in the 
New Brunswick equipment were started with 1.5 L of 
cell suspension containing 1.5 to 3.0 X 10° cells per ml. 
As cell multiplication was noted, fresh medium was 
added until a total volume of 3 L of cell suspension was 
obtained. The maximum cell population usually at- 
tained was 1.0 to 1.5 X 10° cells per ml. The detailed 
operation of tissue culture in this equipment has been 
reported elsewhere (McLimans et al., 1957b). A culture 
was initiated in the larger 20 L fermentor by introduc- 
tion of 2 to 3 L of cell suspension inoculum plus suffi- 
cient fresh medium to give a total volume of 6 L, with 
a resultant cell population of 1.7 to 3.0 X 10° cells 
per ml. 

Sampling and cell counting. Cell multiplication was 
determined by counting the cells in a hemocytometer. 
The general state of a culture was reflected by the 
viability of the cells which was determined by a staining 
method employing trypan blue (Pappenheimer, 1917; 
Hewitt, 1953). It has been observed that degenerating 
cells have an affinity for the stain, trypan blue, whereas 
actively proliferating cells are not stained. The viabili- 
ties of cell cultures were determined by making 
differential counts of stained and unstained cells. The 
publication of McLimans et al. (1957a), describing the 
development of the spinner culture system, includes a 
description of the trypan blue method. Additionally, 


Gwatkin et al. (1957) have demonstrated a good correla- 
tion between the total cell count as obtained by a 
direct counting procedure and actual isolated cell 
culture using a feeder layer (Puck and Fisher, 1956). 


RESULTS AND Discussion 


Growth of strain L. The techniques employed in cul- 
turing the three cell lines were essentially similar; 
hence, a detailed description of the procedures used 
will be presented for the strain L cell only. The inoculum 
was obtained from a cell suspension produced in a 
New Brunswick fermentor. Three L of cell suspension 
containing 4.9 X 10° cells per ml (1.47 X 10° total cells) 
were transferred to the 20 L fermentor. Three L of 
fresh medium were added to the fermentor, giving an 
initial total volume of 6 L with a cell concentration of 
2.45 X 10° cells per ml. The results of this cell culture 
are represented graphically in figure 2. The data re- 
ported in this figure show both the actual cell concen- 
tration at the various sampling periods as well as the 
total number of cells produced. The cell concentration 
is represented by the line curve while vertical bars 
represent the total number of cells produced. 

Frequently it has been observed in our laboratories, 
as well as in reports from other laboratories, that upon 
initiation of a cell culture a “lag period” of variable 
duration was noted. Since the delayed period of growth 
was not observed consistently in all cultures, it may 
possibly be interpreted as being caused by the physi- 
ologic condition of the cells in the inoculum rather 
than by conditions imposed by the environment in the 
newly established culture. The physiological condition 
of the cells which determines the character of growth 
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Figure 2. Growth of ‘‘L’’ cells in 20 L fermentor. Tank no. 
1. Date initiated 3-8-58. Inoculum: cells from New Brunswick 
fermentor. 
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upon subculture may reflect the nutritional state of 
the cells or the growth phase of the cells at the time of 
subculture. Accordingly, an inoculum of cells from a 
culture in a stationary growth phase would produce a 
“Jag” upon subculture, while cells from a culture in 
log-growth phase would not exhibit an initial “lag 
period.” 

The “‘lag period” shown in figure 2 was minimal and 
was followed by an increase in the cell population. After 
4 days of growth, the cell suspension contained ap- 
proximately 4.0 X 105 cells per ml and at this point 
an additional 6 L of medium was added to the tank. 
A constant increase in the cell population resulted and 
was maintained over the 7-day period by three additions 
of Eagle’s amino acid concentrates. The amount of 
each amino acid addition was equal to the original 
concentration of the amino acid in fresh medium. Work 
by Thomas et al. (1958) has shown that arginine present 
in the amino acid mixture is the vital factor which 
may be used to supplement medium additions during 
the first 10 days in this type of culture. The addition of 
arginine alone in subsequent cell cultures was equally 
as effective as the addition of the complete amino acids 
mixture. 

After a growth period of 11 days, the cell concentra- 
tion reached 6.75 X 10° cells per ml, which represents 
an increase in total cells from 1.47 X 10° cells to 8.1 X 
10° cells in 12 L of suspension. Although complete 
medium changes with cell suspensions in large volumes 
are unwieldy and are to be avoided, it was of interest 
to explore the possibility of successfully performing 
this operation. Hence, the 12 L of cell suspension were 
withdrawn from the tank, centrifuged, and the cells 
resuspended in fresh medium. The cell suspension was 
equally divided between two 20 L fermentors. The 
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Figure 3. Growth of “L’’ cells in 20 L fermentors. Cells 


from tank no. 1 centrifuged and resuspended in fresh medium; 
cells equally divided between tank no. 2 and tank no. 3. 


total volume in each of the two fresh tanks was 6 L 
at a cell concentration of approximately 6.0 x 105 
cells per ml. 

After 5 days an additional 6 L of fresh medium were 
added to each tank. Subsequent to the medium addi- 
tion, the culture in one tank received periodic additions 
of complete Eagle’s (1955) amino acid concentrate, 
while the other culture received only additions of the 
single amino acid, arginine. In each case, the amounts 
of the complete amino acid mixture or arginine alone 
were equal to the initial concentration of the respective 
components in fresh medium. The cell growth in each 
of these tanks was nearly identical, indicating that 
addition of arginine alone promoted growth as well as 
the addition of the complete amino acid mixture. 

The total cell growth obtained in the three separate 
tank cultures is shown in figure 3. A cell build-up 
from 1.47 X 10° cells contained in 6 L to a total of 
30.0 X 10° cells in 24 L of suspension was obtained. 

Growth of strain HeLa. Three L of a HeLa cell sus- 
pension plus 3 L of fresh medium were added to a 20 L 
fermentor. The resultant cell density was 4.6 x 10° 
cells per ml. Although this cell culture was initiated 
with a relatively high cell concentration, smaller cell 
inocula in subsequent cell cultures produced satis- 
factory growth. A somewhat different procedure was 
used in maintaining the HeLa culture than was em- 
ployed in the maintenance of the L culture. Three 
smaller medium additions of 1 and 2 L were made 
instead of a single 6 L addition such as was carried out 
with the L cell culture. No advantage was noted in 
the more frequent additions of smaller volumes of 
medium. 

Two additions of arginine were also employed, which, 
in conjunction with the medium additions, permitted 
cell multiplication to be maintained over an 11-day 
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Figure 4. Growth of HeLa cells in 20 L fermentors. Date 
initiated 4-15-57. Inoculum: cells from New Brunswick fer- 
mentor. 
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period. During this period, the total cell population 
increased from 2.8 X 10° cells suspended in 6 L to 
10.6 X 10° cells contained in 11 L. The results obtained 
from this cell culture are shown in figure 4. 

The possibility of producing large amounts of viral 
agents in submerged culture-produced cells is indicated 
by the demonstration that strain HeLa, as propagated 
in spinner culture, supported the proliferation of all 
three types of poliovirus (Davis, 1957). 

Growth of strain KD. Figure 5 presents data describ- 
ing the growth obtained with a third cell line, strain 
ERK/KD cultivated in the stainless steel equipment. 
The inoculum was a cell suspension produced in a New 
Brunswick fermentor. The cell inoculum, plus sufficient 
medium to make a total initial volume of 6 L containing 
5.6 X 10° cells per ml, was introduced into a tank. In 
this culture, as in the other cell cultures, growth was 
maintained by a medium addition and additions of 
arginine. On the third day following the initiation of 
the culture, the addition of fresh medium appeared to 
cause a slight lag in the rate of cell multiplication. The 
reason for the “‘lag’’ has not been determined, but in 
this culture and in studies with other cell lines, it seems 
that the lag may be caused by an endogenous depletion 
of essential factors in the cells prior to the addition of 
fresh medium. Although the addition of arginine per- 
mits continued growth without medium changes for a 
period of 10 days, the question relating to the depletion 
of other metabolites remains to be elucidated. 
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Figure 5. The growth of strain KD cells in the 20 L fermentor 


During the 6-day growth period, the use of arginine 
and fresh medium promoted a continuous increase in 
the total cell population from 3.4 X 10° cells to 11.1 X 
10° cells with a final cell density of 1.3 X 10° cells per 
ml. Although satisfactory growth of the ERK/KD 
cell, as well as with strain HeLa and strain L, was 
obtained with these procedures, future nutritional 
studies undoubtedly will permit both more rapid rates 
of multiplication and the attainment of higher cell 
densities. This particular nonprimate cell line seems 
to be of interest since it supports the proliferation of 
poliovirus when cultured in the submerged state 
(McLimans et al., 1957c) in volumes up to 10 to 15 L. 
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SUMMARY 


Twenty-liter stainless steel fermentors, designed for 
use in the fermentation industry, were adapted for use 
in the propagation of mammalian cells in an agitated 
fluid suspension system. The medium and cultural 
conditions employed in the investigations are discussed. 

Three unrelated cell lines (strain L, a fibroblastic 
cell of mouse origin; strain HeLa, an epithelial-type cell 
isolated from a human cervical carcinoma; and strain 
ERK/KD, isolated from embryonic rabbit kidney) 
were successfully cultivated in the large stainless steel 
equipment. It was possible to obtain 3- to 6-fold in- 
creases with each of the cell lines during a 6- to 12-day 
growth period. 

Since cells of three different origins were readily 
cultured under the conditions described, these results 
offer promise that many stable cell lines may be propa- 
gated in mass in equipment designed for large scale 
fermentations. The possibility of using submerged 
culture cells to produce viral vaccines, hormones, and 
other physiologically active cell products is indicated. 
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The growth requirements of the New York State 
Laboratories strain of Clostridium tetani were the 
subject of investigation by Mueller and his co-workers 
(Mueller and Miller, 1941a, 1942; Feeney et al., 
1943a, b). During these studies, a synthetic medium 
capable of supporting good growth of this strain of 
C. tetani in primary culture was developed. However, 
these investigators were interested principally in toxin 
production and no attempt was made to grow the 
organism serially in this medium. Furthermore, they 
stated that it was possible that unknown stimulatory 
agents and essential substances were present in their 
medium, since ‘‘the natural amino acids, glucose, or the 
folic acid concentrate may possibly have contained 
essential impurities.” In addition, some growth pro- 
moting substances probably were introduced with the 
inoculum, which was large and composed of once- 
washed cells. The present study was initiated with the 
purpose of further clarifying the nutritional require- 
ments of C. tetant. 


MATERIALS AND METHODS 


Strains. Four strains of C. tetani, designated 2, 3, 6, 
and 43, were employed. These strains were kindly 
supplied by Mr. James Mandia of the Department of 
Animal Pathology, University of Kentucky, Lexington, 
Kentucky. All cultures were checked for purity upon 
receipt and were maintained in egg meat medium 
(Difco). 

Materials. Bichromate-sulfurie acid cleaned Pyrex 
glassware was used. 

All chemicals were of the highest purity commercially 
available. Biochemicals with the exception of guanine, 
xanthine, and uracil were products of Nutritional Bio- 
chemicals Corporation.! The three nitrogen bases were 
obtained from the Eastman Kodak Company.’ Vitamin- 
free Casamino acids (Difco)* was the casein hydrolyzate 
used. 

Trace minerals were supplied to the various media 
in the form of the following supplement: H;BO3;, 5.7 
mg; CuSO,-5H.O, 15.68 mg; 
140.85 mg; CoSO,-7H.O, 0.476 mg; MnSO,-H.O, 6.2 

' Cleveland, Ohio. 


* Rochester, New York. 
3 Detroit, Michigan. 
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mg; mg; and ZnSO,:7H.0, 
80.0 mg; distilled water, 100 ml. 

General culture procedure. Test media less glucose 
were tubed in 12 ml volumes in 34 in. O.D. Pyrex 
tubes and were sterilized by autoclaving at 15 lb for 
15 min. Glucose solution, previously sterilized at 10 lb 
for 10 min was then added aseptically. All test media 
contained sodium thioglycolate for the maintenance 
of reduced conditions. 

Cell suspensions for inocula were prepared from 
brain heart infusion broth (Difco) cultures that had 
been incubated for 24 hr at 37 C in modified Rosenthal 
anaerobic jars (Mueller and Miller, 1941b). The broth 
cultures were sedimented by centrifugation, and the 
cells were washed three times with and suspended in 
sterile distilled water to a turbidity equivalent to that 
of a no. 3 McFarland‘ nephelometer tube. One-tenth 
ml volumes of these suspensions were used as inocula. 

Prior to inoculation, all media were heated for 15 
min in an Arnold® steamer and cooled. Inocula were 
introduced deep into the media and uninoculated 
controls were always included. All tests were run in 
triplicate. Cultures were incubated aerobically at 
37 C until maximum growth had developed or, in the 
absence of growth, for 1 week. Growth was estimated 
turbidimetrically using a Coleman® model 11 spectro- 
photometer. Measurements were made at 550 my using 
a PC 4 filter. 

To eliminate the possibility that growth in culture 
media was due to carry-over of essential nutrients in the 
inocula, representative primary cultures were passed 
serially in each medium for four culture generations. 


RESULTS 


Complete medium. By the process of trial and error, 
a semisynthetic medium capable of supporting good 
growth of the C. tetani strains was developed. The 
constituents of this medium are listed in table 1. This 
Casamino acids complete medium will be referred to as 
“CAC medium.” 

Single factor elimination studies. In initial experi- 
ments, groups of substances were omitted from the 

4 Klett Mfg. Co., New York City, New York. 

5 Gotham Scientific Company, New York, New York. 

6 Coleman Instruments, Inc., Maywood, Illinois. 
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CAC medium. When all vitamins or all nitrogen bases 
or the Casamino acids were omitted no growth was 
obtained, indicating that one or more of the constituents 
in each of these groups of nutrients was essential to 
the growth of the C. tetani strains. The essentiality of 
the vitamins, nitrogen bases, and sodium oleate were 
then determined by the single omission method. Table 2 
summarizes the results of these studies. These data 
show that biotin, pyridoxamine, nicotinic acid, calcium 
pantothenate, folic acid, and uracil were essential for 
growth; whereas riboflavin, vitamin By, p-amino- 
benzoic acid (PABA), sodium oleate, and the purines 


TABLE 1 
Composition of the semisynthetic (CAC) and synthetic (SM-C) 
media 
Concentration per 100 ml Dis- 
tillea Water 
CAC SM-C 

Bacto-vitamin free Casamino acids. 25g | —* 
acid..................... 200.0 ug | 200.0 ng 
Ca pantothenate. .................. 100.0 ng | 100.0 ug 
p-Aminobenzoic acid............... 100.0 ng | 
2.5 ug | 
1.0mg 1.0 mg 
Mineral supplement............... 0.2 ml 0.2 ml 
Sodium thioglycollate.............. | 0.5¢g 
| 145.0 mg 
pL-Phenylalanine.................. — 100.0 mg 
— | 315.0 mg 
| 54.0 mg 
arid................... 200.0 mg 
7.4 7.4 


= omitted 
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xanthine and guanine were nonessential for growth 
of these strains of C. tetanz. 

Thiamin was nonessential but growth of strains 2, 3, 
and 6 was submaximal in the thiamin-free medium. 
The absence of thiamin had no effect on the growth of 
strain 43. 

Inositol was not essential to the growth of any of the 
strains, but strongly stimulated the growth of strains 
2 and 6, and to some extent stimulated the growth of 
strain 43. 

Adenine was essential to the growth of strain 43 and 
stimulatory to the growth of the other strains. 

Amino acid substitution studies. When the Casamino 
acids in the CAC medium were replaced with pure 
amino acids in proportion to the amino acid content of 
Casamino acids’ plus serine and cystine, a synthetic 
medium (SM-A) was attained that supported the 
growth of all four of the strains. However, growth did 
not consistently occur. In an attempt to eliminate 
inconsistent growth in this medium, it was enriched 
by increasing the tyrosine concentration and by adding 
alanine, proline, and hydroxy-l-proline. Sporadic 
growth also occurred in this modified medium (SM-B). 

The possibility that inconsistent growth was due to 
oxidation-reduction effects was eliminated when it was 
found that the initial Eh values and the poise of the 
SM-B and CAC media were approximately the same. 

Multiple factor elimination studies. The effects of the 
omission simultaneously from the CAC medium o 
those vitamins found to be nonessential by the singl . 

7 An analysis of the Casamino acids was kindly supplied by 


the Difeo Company. 


TABLE 2 


Growth factor requirements of Clostridium tetani as determined 
by the single omission method 


Per Cent Light Transmission* 


Medium Strain no. 
2 3 6 43 
CAC less 
82 86 85 51 
Pyridoxamine............... 100 100 100 100 
ecid. 100 100 100 100 
Ca pantothenate............ 100 100 100 100 
73 43 75 63 
| 41 47 51 55 
100 | 100 | 100 | 100 
685 | 45 47 50 54 
Adenine..................5- | 73 | 61 | 84 | 100 
| 46 38 50 57 
Sodium oleate.............. | = | 38 49 52 


* Average of three determinations. 
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omission technique and of oleate was determined. 
Excellent growth of the C. tetani strains was obtained 
in the CAC medium minus riboflavin, PABA, Bis, and 
sodium oleate (CAC-VO medium), indicating that these 
factors either singly or in combination were neither 
essential nor stimulatory to the growth of the C. tetani 
strains. 

Because the preliminary experiments indicated a 
variation among the strains in their requirement for 
inositol and thiamin when growing in the CAC medium, 
the effect. of omitting thiamin and inositol individually 
from the CAC-VO medium was tested. The results 
indicated that thiamin was stimulatory to the growth 
of strains 2, 3, and 6, and nonessential to the growth of 
strain 43. Inositol was neither essential nor stimulatory 
for the growth of strains 2, 3, and 43, but was stimula- 
tory for strain 6. 

Since thiamin and inositol both showed stimulatory 
effects on the growth of certain strains of C. tetani, 
these factors were retained in the medium so as to 
enable the carrying out of further tests with one medium 
nutritionally favorable to all strains. 

Tests to determine the effects of the omission simul- 
taneously from the CAC-VO medium of the purine bases 
xanthine, guanine, and adenine were next carried out. 
All four strains gave excellent growth in the CAC-VO 
medium minus these three nitrogen bases (CAC-VON 
medium). Next, the effects of the omission singly of 
tryptophane and cystine from the CAC-VON medium 
were tested. Tryptophane proved essential and cystine 
both nonessential and nonstimulatory to all four 
strains. 

Hence, the CAC medium minus PABA, riboflavin, 
By, oleate, xanthine, guanine, adenine, and cystine 
(CAC-VONC medium) supported growth of all four 
of the C. tetani strains approximately equal to that 
obtained in the CAC medium. 

At this time, attempt was made to replace the 
Casamino acids in the CAC-VONC medium with 
chemically pure amino acids. The qualities and quan- 
tities of amino acids substituted were the same as in the 
earlier synthetic media. This synthetic medium (SM-C) 
supported good and consistent growth of the four 
strains through six subcultures. The composition of the 
SM-C medium is given in table 1. 

Glucose elimination studies. The abilities of the C. 
tetani strains to grow in SM-C medium less glucose are 
reported in table 3. From these data it can be seen that 
strains 3 and 43 gave good growth in the absence of 
glucose. Strains 2 and 6 showed poor growth in the 
glucose-free synthetic medium, indicating that glucose 
was stimulatory for these two strains. However, glu- 
cose was found to be both nonessential and non- 
stimulatory to the growth of all four of the strains in 
the CAC-VONC medium (table 3). 

A comparison of the growth of C. tetani in various 


media. Growth of the strains in synthetic medium SM-C 
was compared with that in brain heart infusion broth 
and that in the semisynthetic CAC and CAC-VONC 
media. 

The data in table 4 show that growth of these strains 
in the brain heart infusion broth was very good at the 
end of 24 hr of incubation. In contrast, the other media 
showed no detectable growth at this time. The four 
strains grew about equally well in the SM-C, the CAC, 
and the CAC-VONC media and reached maxima after 
48 to 72 hr. However, maximum growth in these three 
media was markedly less than in the natural medium. 


Discussion 
Our findings that nicotinic acid, biotin, calcium 


pantothenate, folic acid, pyridoxamine, and uraci! are 


TABLE 3 


Effects of glucose omission on the growth of the Clostridium 
tetani strains 


Per Cent Light Transmission* 
Strain No. 
SM-C medium 
2 51 85 
3 45 47 
6 48 88 
43 53 54 
CAC-VONC medium 
2 | 51 52 
3 | 44 45 
6 47 50 
43 42 53 


* Average of three determinations. 


TABLE 4 


Comparison of the growth of the Clostridium tetani strain in 
synthetic, semisynthetic and nonsynthetic media 


| Per Cent Light Transmission* 
Strain No. Median 
SM-C CAC CAC-VONC BHI 
2 24 100 100 100 30 
48 44 45 
3 24 «100 100 100 21 
48 | 48 54 54 
6 100 100 100 30 
48 | 82 41 43 
43 24 ~§ 100 | 100 100 23 
| g9 | | 47 


* Average of three determinations. 

SM-C = synthetic medium, C; CAC = Casamino acids 
semisynthetic; CAC-VONC = CAC medium less nonessential 
vitamins and nitrogen bases, oleate and cystine; BHI = brain 
heart infusion. 


eC 
| 
| 

ed 


314 L. KAUFMAN AND J. C. HUMPHRIES 


essential to the growth of C. fetan? are in agreement 
with those of Feeney ef al. (1943b). Feeney and his 
co-workers demonstrated that the New York Labora- 
tories strain of C. fetani required thiamin, but not 
inositol. Our results indicate that the need for these 
factors varied from strain to strain. Riboflavin, adenine, 
and oleic acid were found to be required by the New 
York Laboratories strain. These factors were neither 
essential nor stimulatory to the C. tefan? strains used 
in this study. 

Thoma and Peterson (1950) found that a combination 
of oleic acid and Tween 40 could replace the biotin 
requirement of Clostridium sporogenes, whereas either 
substance alone was toxic. Mager et al. (1954), in- 
vestigating the nutritional requirements of Clostridium 
parabotulinum, reported that the biotin requirement 
for a number of strains of this species could be satisfied 
by oleate. The results of our study revealed oleate to 
have no toxicity for the strains studied. Moreover, 
oleate failed to substitute for biotin. 

Reports in the literature indicate that some strains 
of Clostridium tetanomorphum and C. parabotulinum 
ean utilize PABA and folic acid interchangeably 
(Woods, 1951; Mager et al., 1954). However, our strains 
gave no growth in PABA containing media in the ab- 
sence of folic acid, indicating that these C. tetani strains 
were unable to synthesize folic acid from PABA. 

In accord with the findings of Mueller and Miller 
(1942) our results indicate that tryptophane was es- 
sential, and that cystine was nonessential for growth 
of the C. tetani strains. Similar results have been re- 
ported with other species of Clostridium (Roessler 
and Brewer, 1946; Mager ef al., 1954; Nakano and 
Clifton, 1953). 

Certain examples of growth inhibition seemingly 
due to antagonisms among metabolites were encoun- 
tered. By the single omission method, inositol enhanced 
the growth of strains 2, 6, and 43 in the CAC medium 
but, when riboflavin, PABA, Bo, and oleate were absent 
from this medium, inositol proved stimulatory only to 
strain 6 and perhaps slightly to strain 43. Also in the 
single omission experiments, adenine proved essential 
to strain 43 and was stimulatory to the growth of the 
other three strains in CAC medium. However, in later 
experiments, in which nonessential vitamins, oleate, 
and the three purine bases were simultaneously omitted 
from the CAC medium, adenine proved both non- 
essential and nonstimulatory to the four strains. 
Clearly, the necessity of adenine as a growth factor was 
eliminated following simplification of the medium, and 
it seems likely that one or more of the omitted factors 
must have interfered directly or indirectly with adenine 
synthesis. 

The failure of the SM-A and SM-B media to con- 
sistently support growth of the C. tetani strains also 
may have been due to antagonisms among metabolites 
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since these inconsistancies no longer occurred in the 
simplified SM-C medium. Possibly one or more of the 
nonessential factors present in the SM-A and SM-B 
media but absent from the SM-C medium were exerting 
a mild toxic action sufficient in some tubes but not in 
others to prevent initiation of growth. 

Kindler et al. (1956) reported that COs is essential 
for rapid and regular growth of C. botulinum type A 
from small inocula. The effect of increased COz tension 
on the growth of our C. tetani strains was not determined 
and the possibility exists that the presence of extra 
CO, could have eliminated the inconsistent results 
observed with synthetic media SM-A and SM-B. 

As was expected, the omission of glucose from SM-C 
revealed it to be nonessential for the growth of the four 
C. tetani strains (table 3). These C. tetani strains fail 
to ferment glucose by the standard fermentation pro- 
cedure. The fact that two of the strains (2 and 6) gave 
very poor growth in the glucose-omitted medium 
suggests the possibility that this was due to the absence 
of the reducing activity of the glucose. This is unlikely 
as the glucose-free medium contained 0.5 per cent 
thioglycolate. Reed and Orr (1943) demonstrated thio- 
glycolate in 0.1 per cent concentration to be a much 
more efficient reducing agent then even 1.0 per cent 
glucose and our own redox measurements revealed 
0.5 per cent thioglycolate to both adequately reduce 
and poise synthetic medium SM-B for the multiplica- 
tion of C. tetani. 

Another possible explanation for the poor growth in 
the glucose deficient SM-C medium may be the absence 
of, or lack of sufficient amount of, some intermediate 
involved in the utilization of certain amino acids. 

These results suggest that strains 2 and 6 utilize 
glucose, at least when growing in SM-C medium. 
Glucose utilization by C. tetani has been reported. 
Reddish and Rettger (1924) reported slight consump- 
tion of glucose by their C. tetani strain. Fildes (1925) 
found 3 of 58 strains to inconsistently ferment glucose 
with resultant change in the reaction of the medium 
from pH 7.4 to approximately 6.5. Prévot (1955) quan- 
titatively measured glucose utilization by C. tetani 
and reported that glucose fermentation by this organism 
is difficult to recognize because of neutralization of 
formed acids by alkaline products. The lack of need 
for glucose by these same two strains when growing in 
CAC-VONC medium has not been investigated. Pos- 
sibly glucose may serve as a precursor for some growth 
stimulating substance which is present in the CAC- 
VONC medium, but lacking in the less complex SM-C 
medium. 


SUMMARY 


Four strains of Clostridium tetani were investigated 
and were found to grow well in a semisynthetic medium 
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composed of Bacto-vitamin free Casamino acids, glu- 

cose, growth factors and minerals. 

By the process of omission, biotin, folic acid, 
pyridoxamine, nicotinic acid, calcium pantothenate, 
uracil, and tryptophane were found essential, and ribo- 
flavin, vitamin By, p-aminobenzoic acid, oleate, xan- 
thine, guanine, and cystine were found nonessential 
and nonstimulatory to growth of the tetanus strains. 
Thiamin and inositol were nonessential but enhanced 
the growth of some strains. The need for adenine varied 
with the strain and the medium from essential or 
stimulatory to nonessential. 

Replacement of the Casamino acids in the 
Casamino acids complete medium with pure amino 
acids in proportionate amounts resulted in media that 
supported growth sporadically. Eh measurements 
indicated that sporadic growth was not due to in- 
sufficient reduction of the media. 

Omission of nonessential factors gave a medium that 
supported good consistent growth of the four C. tetani 
strains. 

Serial subculture of the strains in various media that 
supported growth was successful. 

REFERENCES 

FEENEY, R. E., MvuE.LuLeER, J. H., AND MILLER, P. A. 1943a 
Growth requirements of Clostridium tetani. II. Factors 
exhausted by growth of the organism. J. Bacteriol., 46, 
559-562. 

Feeney, R. E., vier, J. H., aNp MILuer, P. A. 1943b 
Growth requirements of Clostridium tetani. III. A syn- 
thetic medium. J. Bacteriol., 46, 563-571. 

Finpes, P. 1925 Tetanus. I. Isolation, morphology and 


cultural reactions of Bacillus tetani. Brit. J. Exptl. 
Pathol., 6, 62-70. 

8. H., Macer, J., aNp Grossowicz, N. 1956 Nu- 
tritional studies with the Clostridium botulinum group. 
J. Gen. Microbiol., 15, 386-393. 

Macer, J., Kinpier, S. H., anp Grossowicz, N. 1954 Nu- 
tritional studies with Clostridium parabotulinum. J. Gen. 
Microbiol., 10, 130-141. 

MUELLER, J. H. P. A. 1941a Growth require- 
ments of Clostridium tetani. J. Biol. Chem., 140, 933-934. 

MvueELiER, J. H. anp Miuuer, P. A. 1941b A modification 
of Rosenthal’s chromium sulfuric acid method for anaero- 
bie cultures. J. Bacteriol., 41, 301-303. 

J. H. anp P. A. 1942 Growth require- 
ments of Clostridium tetani. J. Bacteriol., 43, 763-772. 
NakKANo, J. H. anp Cuirron, C. E. 1953 Nutritional re- 
quirements of Clostridium tetanomorphum. Proc. Soc. 

Exptl. Biol. Med., 84, 394-395. 

Prévort, A. R. 1955 Biologie des maladies dues aux anaéro- 
bies, p. 20. Editions médicales Flammarion, Paris, 
France. 

Reppisu, G. F. anp Rerrarr, L. F. 1924 A morphological, 
cultural, and biochemical study of representative spore- 
forming anaerobic bacteria. J. Bacteriol., 9, 13-57. 

Reep, G. B. anp Orr, J. H. 1943 Cultivation of anaerobes 
and oxidation-reduction potentials. J. Bacteriol., 45, 
309-320. 

W. G. Brewer, C. R. 1946 Nutritional 
studies with Clostridium botulinum. J. Bacteriol., 51, 
571-572. 

Tuoma, R. W. ano Peterson, W. H. 1950 Biotin and argi- 
nine replacements in the nutrition of Clostridium sporo- 
genes. J. Bacteriol., 60, 39-48. 

Woops, D. D. 1951 Personal communication to E. E. Snell. 
In Bacterial physiology, p. 229, Edited by C. H. Werkman 
and P. W. Wilson. Academic Press, Inc., New York, New 
York. 


— 

. 
r 
‘ 
e 
e 
it 
h 
it 
ne 
A- 
in 
ce 
te 
ze | 
n. 
cd. 
p- 
5) 
se 
im 
n- 
ni 
of 
ed 
in 
Os- 
‘th 
ted 
um 


Variation in the Acetic Acid-Lactic Acid Ratio 
Among the Lactic Acid Bacteria’ 


M. D. CurIsTENSEN, MARGARET N. ALBURY, AND C.S. PEDERSON 


New York State Agricultural Experiment Station, Cornell University, Geneva, New York 


Received for publication February 6, 1958 


The variability of lactic acid bacteria has been noted 
on numerous occasions. Pederson and Albury (1955) 
reported that approximately 10 per cent and sometimes 
as many as 50 per cent of the strains isolated from 
vegetable fermentations were not readily identified as 
strains of the lactic acid bacteria usually associated 
with such fermentations. 

Considerable variation in the ratio of acetic to lactic 
acid has been observed in studies of commercial vege- 
table fermentations. The variation in ratio becomes 
apparent when the end products of fermentation from 
the several species of lactic acid bacteria are compared. 
In general, the higher the total acid produced, the 
lower will be the ratio of acetic to lactic acid. Since the 
end products of fermentation are responsible for quality 
characteristics of certain fermented products, a study 
of ratio variations seemed desirable. By using normally 
high acid producing strains of the different species and 
varying the sugar concentration in the various media, 
differences between high and low acid strains may be 
simulated. 

It has been observed that the ratio of end products is 
influenced by the extent of utilization of sugars for 
growth and fermentation. In this study, attention is 
given to the effect of sugar concentration upon ratios 
of acetic to lactic acid. 


MATERIALS AND METHODS 


A standard basic medium containing 0.5 per cent 
tryptone, 0.25 per cent yeast extract and 0.5 per cent 
each of A and B salts was used in these studies. Salt A 
has the following composition: K2HPO,, 100 g; KH2POx,, 
100 g; distilled water, 1000 ml. Salt B has the follow- 
ing composition: MgSO,-7H.O, 40 g; NaCl, 2 g; 
FeSO,-7H,O, 2 g; MnSO,-4H.0, 2 g; distilled water, 
1000 ml. Glucose, fructose, and sucrose were used in 
the various media in concentrations ranging from 
20 mg to 2000 mg per cent. Twenty-five ml of the 
broths were pipetted into one arm of the Eldredge 
tubes, which were plugged and sterilized. Since each 
arm of the Eldredge tube will hold about 50 ml of 
liquid, some oxygen was available to the organisms. 
The broths were inoculated with the various cultures; 

1 Approved by the Director of the New York State Agri- 


cultural Experiment Station as Journal Paper No. 1108, Feb- 
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standardized Ba(OH). solution was placed in the 
other arm of the tubes; and the tubes were then sealed 
and incubated at 32 C for a long enough period to insure 
complete fermentation. The amounts of sugars in the 
higher concentration sugar media were greater than 
the amounts that could be utilized by the organisms. 
Cultures used in the study include the two hetero- 
fermentative species Leuconostoc mesenteroides strain 
C33 and Lactobacillus brevis strains B155, L15, and 
L35, and the two homofermentative species Pediococcus 
cerevisiae strain E66 and Lactobacillus plantarum 
strain B 246. 

After incubation, the arm of each Eldredge tube con- 
taining the Ba(OH)> was titrated rapidly with standard 
H.SO,, and, from these titrations, carbon dioxide pro- 
duction was calculated. The lactic and acetic acids 
were determined after separation by the column 
chromatographic technique of Marvel and Rands 
(1950) as adapted by Bulen et al. (1952). Uninoculated 
media were extracted and titrated in a similar manner 
as controls. 


RESULTS AND DISCUSSION 


The homofermentative lactic acid bacteria produced 
small amounts of carbon dioxide and acetic acid in 
glucose, fructose, and sucrose regardless of the sugar 
concentration in the medium (table 1). The amount of 
lactic acid produced increased with increasing sugar 
concentrations. The ratio of acetic to lactic acid, there- 
fore, decreased accordingly. In the higher concentra- 
tions of sugar, lactic acid accounted for from 90 to 95 
per cent of the end products recovered. The amounts 
were slightly higher with the higher acid producing 
Lactobacillus plantarum. It may be noted that in the 
lower concentration sugar media the total carbon re- 
covery as carbon dioxide and acids is slightly greater 
than the total carbon present in the sugar. This is most 
marked in the fructose media. These data suggest that 
part of the carbon recovered may have been derived 
from metabolism of the tryptone and yeast extract. 

The heterofermentative lactic acid bacteria present 
a contrast, not only between two species, but also 
between these and the homofermentative species. 
Lactobacillus brevis strains B155, L15, and L35 pro- 
duced increasing amounts of carbon dioxide and acetic 
acid, as well as lactic acid, with increasing sugar con- 


is 
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centrations (table 2). The lactic acid increased more TABLE 2 
rapidly than the carbon dioxide and acetic acid, except Ratios of acetic to lactic acid obtained in increasing sugar 
with the highest concentrations of fructose and sucrose, concentrations by Leuconostoc mesenteroides and 
so that a general decrease in ratio still occurred. A 
Dioxide| Acetic Acid | Lactic Acid | 4 /pactic 
TABLE 1 Acid 
Ratios of acetic to lactic acid obtained from increasing sugar ee 
concentration by Pediococcus cerevisiae and Leuconostoc mesenteroides in Glucose 
_—_ Lactobacillus plantarum 40 2 13 28 0.47 
80 15 ll 48 0.23 
Medium Dioxide | Acetic Acid | Lactic Acid 160 27 21 94 0.22 
| 320 35 23 131 0.17 
, Pediococcus cerevisiae in Glucose 400 38 7 116 0.15 
40 8 9 25 0.36 Leuconostoc mesenteroides in Fructose 
80 | 14 17 51 0.33 40 9 8 25 0.32 
; 160 14 17 127 0.13 80 9 22 33 0.67 
: 320 | rs 17 249 0.07 320 28 47 109 0.43 
1 400 | 12 15 288 0.05 400 30 56 114 0.49 
3 Pediococcus cerevisiae in Fructose 2000 40 85 124 0.68 
1 20 | 33. 1 10 0.10 Leuconostoc mesenteroides in Sucrose 
40 | 11 11 i 0.59 84 14 14 34 0.41 
80 19 20 41 0.49 168 22 19 55 0.34 
P 200 | 9 15 243 0.06 421 34 31 99 0.31 
d 320 | 9 7 307 0.02 2105 40 80 128 0.62 
| Lactobacillus brevis B155 in Glucose 
20 9 20 9 2.22 
n Pediococcus cerevisiae in Sucrose 40 17 31 9 3.44 
Is 21 | 6 8 12 0.67 40 19 31 8 3.87 
d 42 | 8 8 48 0.16 80 32 54 il 4.90 
- 168 | 11 23 143 0.16 160 42 60 54 P51 
252 6 13 228 0.06 240 a 73 91 0.80 
421 9 16 292 0.06 320 _ 65 136 0.48 
2105 | 9 12 340 0.04 400 _ 49 186 0.26 
Lactobacillus plantarum in Glucose 600 = 36 296 0.12 
od 20 | 6 15 20 0.75 600 71 39 294 0.12 
in 40 13 26 24 1.08 Lactobacillus brevis B155 in Fructose 
ar 80 | 15 14 21 0.67 20 41 4 6 0.67 
of 160 14 ue 70 0.16 40 45 14 8 1.75 
ar 240 | 12 19 163 0.12 80 28 42 9 4.67 
320 9 15 315 0.05 160 38 53 44 1.20 
all 400 9 9 382 0.02 240 41 68 85 0.80 
a- 600 | 11 17 516 0.03 320 46 70 114 0.61 
95 Lactobacillus plantarum in Fructose 400 50 69 112 0.61 
its 2 | 10 10 18 0.55 
ng 40 9 20 30 0.67 Lactobacillus brevis L15 in Fructose 
che 80 15 22 58 0.38 40 16 21 23 0.91 
re- 160 | 11 21 139 0.15 80 29 42 17 2.47 
ter 240 11 23 233, 0.09 160 36 48 71 0.69 
320 11 20 315 0.06 240 39 53 131 0.40 
ost 400 | 10 16 316 0.05 320 37 43 201 0.21 
hat 2000 13 23 620 0.04 400 45 | 83 245 0.22 
ved Lactobacillus plantarum in Sucrose 2000 68 | 210 333 0.68 
21 | 12 | 16 0.75 Lactobacillus brevis L15 in Sucrose 
ent 42 1 28 24 1.17 21 5 - 3 | @ 0.11 
ilso 84 10 21 57 0.37 84 16 13 47 0.27 
12 235 | 0.05 168 25 28 93 0.30 
14 311 0.04 337 15 37 151 0.24 
13 389 | 0.03 421 9 49 158 0.31 
16 588 | 0.03 2105 41 192 | 460 | 0.41 
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TABLE 2—Continued 


| 
Sugar in Carbon Dioxide | Acetic Acid | Lactic Acid | 
| | Acid 


| 


| 


Mg per cent carbon 


Lactobacillus brevis L35 in Fructose 


35 | 27 0.07 
| | 6 4.50 
80 29 | 33 13 2.53 
0.71 
40 | 4 35 | 106 0.33 
320 | 4 | 178 0.28 
400 45 58 | 222 0.26 
2000 64 | 216 | 27 0.73 
Lactobacillus brevis L35 in Sucrose 

6 4 | | OM 
84 7 | |; | O41 
168 
252 18 | we 
337 | 191 0.11 
21005 | 1085 468 | 0.22 


trace of formic acid was always obtained in every 
fermentation regardless of the organism or sugar con- 
centration. 

Leuconostoc mesenteroides did not show a marked 
change in ratio. In glucose, the ratio varied from only 
0.03 to 0.47. Because of the variable behavior of this 
organism, it has become the subject of many separate 
studies. DeMoss et al. (1951) found that aldolase and 
isomerase did not seem to be present in this organism. 
Gunsalus and Gibbs (1952) stated that the Leuconostoc 
species fermentation departs from the classical 
Meyerhof-Embden glycolytic pathway, and suggested 
a monophosphate shunt pathway, based on experience 
with labeled C™ glucose. Studies by Johnson and 
McCleskey (1957) on the aerobic carbohydrate metabo- 
lism of Leuconostoc mesenteroides establish marked 
variability between strains of this organism. 

The highest ratio of acetic to lactic acid, 0.68 in the 
highest concentration of fructose, seems related to 
mannitol production. In each case in which fructose or 
sucrose is fermented, a higher ratio was obtained in the 
2000 mg per cent carbon (5 per cent sugar) than in the 
400 mg per cent carbon (1 per cent sugar) concentra- 
tion. This seemed illogical at first. But, mannitol is 
produced from fructose and sucrose, and is not fer- 
mented further as long as sufficient sugar is available. 
Therefore, since mannitol is a reduced product, one 
would expect a proportionate swing from the reduced 
product, ethyl alcohol, to the oxidized product, 
acetic acid. 

Lactic acid recovered in homofermentations prac- 
tically equalled the sugar added. Carbon recovery in 
the heterofermentations exceeded slightly the total 
sugar available only in the lower sugar concentration. 
Ethyl alcohol, a major end product, was not determined. 


If it had been determined, carbon recovery may have 
been greater. But since these fermentations were con- 
ducted in the presence of small amounts of air, as in 
many commercial or pure culture test tube fermenta- 
tions, little ethyl aleohol would be expected in at least 
the lower sugar concentration. These fermentations 
were repeated in 240 mg per cent glucose media with 
alkaline pyrogallol in an arm of the Eldredge tube to 
reduce the oxygen content. Acetic acid was not pro- 
duced under these anaerobic conditions either in the 
heterofermentations in which lactic acid produced 
amounted to 136, 168, and 168 mg carbon or in homo- 
fermentations in which lactic acid amounts of 252, 324, 
and 332 mg carbon were obtained. 


SUMMARY 


The amount of acetie acid and carbon dioxide pro- 
duced by the homofermentative lactic acid bacteria 
is more or less constant regardless of sugar concentration 
in the medium. The amounts produced by the hetero- 
fermentative species increases as the sugar concentra- 
tion increases. Therefore, the ratio of acetic acid to 
lactic acid varies with the amount of sugar fermented. 
Higher ratios are obtained with the heterofermenters 
than with the homofermenters. Carbon recovery ex- 
ceeded the total carbon in the sugar added in the lower 
sugar concentration media. This indicates that some 
of these products arise from amino acid metabolism. 
The high ratios of acetic to lactic acid were obtained 
in the highest concentrations of fructose and sucrose 
media. Mannitol produced in high concentration fruc- 
tose media by Leuconostoc mesenteroides is not readily 
metabolized. Thus, in order to retain a normal oxidation 
reduction balance, acetic acid rather than alcohol 
would be produced in larger amounts. 

These differences in ratios of acetic to lactic acid ac- 
count for differences between strains and quality 
differences often encountered in certain industrial 
fermentations. 
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Recently it has been observed that the lactic acid 
bacteria are primarily responsible for the production of 
diacetyl during concentration of orange juice. The 
amount of diacetyl present is used as an indicator of 
the degree of contamination, even though it is not a 
major end product of fermentation. Its presence may 
be detected even though little change in total acidity 
or pH has been noted. A better understanding of 
factors influencing diacetyl production by lactic acid 
bacteria would be desirable. 

The relationship of the lactic acid bacteria to diacetyl 
production evolved from an early date. Hammer (1920) 
concluded that the organisms in butter cultures other 
than Streptococcus lactis were responsible for the vola- 
tile acidity, aroma, and flavor of the fermented dairy 
product. Van Niel in 1929 as stated by Hammer and 
Babel (1943) recognized that diacetyl was either re- 
sponsible for the aroma of butter or was the principal 
component of the aromatic material. Michaelian 
et al. (1933) noted that butter cultures with satis- 
factory character contained considerable quantities 
of acetylmethylearbinol and diacetyl. This fact is 
generally accepted. 

Hays (1951) and Hays and Riester (1952) identified 
spoilage organisms from orange juice as species of the 
genera Leuconostoc and Lactobacillus. Murdock et al. 
(1952) and Murdock and DuBois (1955) noted produc- 
tion of acetylmethylearbinol and diacetyl by lactic 
acid bacteria grown in orange juice. Brokaw (1952) also 
employed plate counts and microscopic examination 
to follow the contamination of orange juice. Hill and 
Wenzel (1954b) developed a colorimetric method which 
has been used successfully as a quality control device. 

Michaelian et al. (1938) and Glenn and Prouty 
(1955) studied the effects of citric acid on the growth 
of Streptococcus lactis, Streptococcus citrovorum, Strep- 
tococcus cremoris, and Leuconostoc mesenteroides. 

While most reports recognize the role of the lactics 
in diacetyl production, conflicting reports do appear. 
Teunisson and Hall (1947) concluded that bacteria 
are probably not a major factor in influencing quality 
of orange juice since only one-third of their isolates 
were bacteria. 

Wolford and Berry (1948) and Purko et al. (1956) 


' Journal Paper No. 1109 New York State Agricultural Ex- 
periment Station, Cornell University, Geneva, New York, 
February 4, 1958. 


319 


noted the influence of coliform bacteria in orange juice 
concentrate. They isolated strains of the genera 
Aerobacter, Escherichia, and Serratia. Berry et al. (1954) 
felt that orange juice was high enough in acidity to 
prevent growth of most types of bacteria. They isolated 
strains of the genera Leuconostoc and Lactobacillus. 
Faville et al. (1951) found that yeasts do not appear 
to be the predominating organism and found that 40 
per cent of their isolates were strains of the genus 
Leuconostoc. Murdock et al. (1952) and Rushing e¢ al. 
(1956) isolated lactic acid bacteria. 

Additional information on the ability of each of the 
lactic acid bacteria to produce acetylmethylearbinol 
and diacetyl under a variety of conditions would 
augment the knowledge already available concerning 
specific characteristics of the lactic acid bacteria. This 
study involves species of the four genera Lactobacillus, 
Pediococcus, Leuconostoc, and Streptococcus. 


MATERIALS AND METHODS 


The organisms used in this study were Lactobacillus 
plantarum strain B246, Lactobacillus lactis strain L33, 
Lactobacillus bulgaricus strain 7994, Lactobacillus 
helveticus strains L31, L85,and L43, Lactobacillus brevis 
strains B155 and 2810, and the dextran producing 
variant L155, Pediococcus cerevisiae strain E66, Leu- 
conostoc mesenteroides strain C29, and Streptococcus 
faecalis strain E166. 

The basic medium A contained 1.5 per cent glucose, 
0.5 per cent tryptone, and 0.25 per cent yeast extract. 
Medium B contained, in addition, 0.137 per cent 
citrate; medium C contained 0.1 per cent glucose and 
0.137 per cent citrate. Medium AC contained only 0.1 
per cent glucose, and medium CC contained 0.1 per 
cent glucose and 0.15 per cent citric acid. Media D 
through H were commercial orange juices adjusted to 
pH readings of 4.0, 5.5, 4.0, 5.5, and unadjusted, re- 
spectively. The orange juice media were sterilized in 
flowing steam for 30 min. Media A through E were in- 
cubated at 32 C whereas media F, G, and H were in- 
cubated at 21 C. 

Diacetyl was determined by the method of Hill et al. 
(1954a). This determination measures total diacetyl, 
acetylmethylearbinol, and 2,3-butylene glycol as 
diacetyl. Three hundred ml of media were inoculated 
with the representative culture from a 24 hr stab, in- 
cubated 96 hr, and then distilled. From each sample, 
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25 ml of distillate were collected and from that a 10 ml 
aliquot was removed from below the surface to avoid 
small traces of peel oil which might interfere with 
colorimeter readings. This 10 ml aliquot was treated 
with 5 ml of 5 per cent a-naphthol in ethyl aleohol and 
2 ml of 40 per cent potassium hydroxide (containing 
0.3 per cent creatine), shaken vigorously for 15 sec, 
allowed to stand 10 min, and shaken again for 15 sec. 
The concentration of diacetyl was determined by 
measuring the color intensity in a Bausch and Lomb 
Spectronic 20 Model? colorimeter at 550 my using the 
reagent blank to zero the instrument. Standard cali- 
bration curves were prepared using solutions of 1 to 140 
ppm diacetyl in distilled water, diluted until a suitable 
light transmission could be obtained with the instru- 
ment. The standard curve for samples requiring dilu- 
tion of 1:20 is presented in figure 1. In the same way, 
after the color in the fractions was developed, those 
samples containing high concentrations of diacetyl 
were diluted in order to obtain suitable colorimetric 
readings. 

Citric, lactic, and acetic acids were determined after 
separation by the column chromatographic technique 
of Bulen et al. (1952) and carbon dioxide was deter- 
mined after titration of Ba(OH), in a series of fermenta- 
tions using Eldredge tubes (Christensen et al. 1958). 


RESULTS AND DiIscUSSION 


The production of diacetyl by the various lactic acid 
bacteria was found to vary, depending upon the 
medium, the pH, and the incubation temperature. The 
homofermentative species produced diacetyl more 
readily and in larger amounts than did the hetero- 
fermentative species, table 1. Lactobacillus plantarum 
strain 246, Lactobacillus bulgaricus strain 7994, Lacto- 
bacillus helveticus strain L31, Pediococcus cerevisiae 
strain E66, and Streptococcus faecalis strain E166 pro- 
duced diacetyl even in the absence of citric acid. How- 
ever, more diacetyl was produced when citric acid was 
added, medium B. The latter two species produced 


? Bausch and Lomb, Rochester, New York. 
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Figure 1. Diacety] standard curve for sample diluted 1:20 


greater quantities when the sugar was limited to 0.1 per 
cent, medium C. 

The heterofermenter, Leuconostoc mesenteroides strain 
C29, produced a small amount of diacetyl in the low 


TABLE 1 


Production of diacetyl in various media by 
typical lactic acid bacteria 


Diacetyl as ppm in Medium:* 


| 
Organism | 
| 


Lactobacillus 
plantarum 
2.18) 9.27) 6.72) 4.55) 0.73) 5.45) 6.18)11.27 

Pediococcus 
cerevisiae E66. 0.45) 2.00) 4.00) 0.37 0.73 0.41) 0.51, 0.31 

Streptococcus 
faecalis E166. .| 0.27) 0.27) 0.47) 3.09 0.73) 6.63) 4.45) 0.29 

Leuconostoc 
mesenteroides 
| 0.00, 0.00, 0.64) 6.45 3.18) 6.09) 0.51) 0.29 

Lactobacillus | | 


brevis B155..., 0.00, 0.00) 0.00) 0.13) 0.23) 0.09) 6.73) 0.31 
Lactobacillus 


brevis L155... 0.00, 0.00, 0.00) 0.38, 0.73) 0.15 9.09, 0.35 
| 0.36 0.41) 0.51) 0.31 
| 


helveticus L31 2.64 4.91) 8.36 


Lactobacillus 


Control.........| 0.09) 0.00} 0.00 
| 
| 


bulgaricus | | 
|12.00)14.00 11.27 
Control........., 0.09 0.17, 0.00 


* Medium A contained 1.5 per cent glucose, 0.5 per cent 
tryptone, 0.25 per cent yeast extract; medium B the same with 
0.137 per cent citric acid; and medium C contained only 0.1 
per cent glucose with 0.137 per cent citric acid. Media D to H 
were orange juices adjusted to: D and F, pH 4.0; E and G, pH 
5.5; and H, unadjusted. Media F, G, and H were incubated at 
21 C, all others at 32 C. 


PPM. DIACETYL 


Figure 2. Production of diacetyl by strains of lactic acid 
bacteria grown in low sugar citrate medium and in orange 
juice. Hi = Medium C, contained 0.1 per cent glucose, 0.5 
per cent tryptone, 0.25 per cent yeast extract, 0.137 per cent 
citrate, incubated at 32 C, pH unadjusted. (| = Medium F, 
contained commerically canned orange juice incubated at 
21 C, pH adjusted to 4.0. = Medium G, contained com- 
merically canned orange juice incubated at 21 C, pH adjusted 
to 5.5. 
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sugar, citric acid medium. However, the other hetero- 
fermenters Lactobacillus brevis strain B155 and the 
dextran producing variant L155 produced diacetyl 
only in orange juice media. The greatest amount was 
formed in orange juice adjusted to pH 5.5 and incubated 
at 21 C, conditions under which the least diacetyl was 
produced by Leuconostoc mesenteroides C33 (figure 2). 
Since citric acid is necessary for production of 
diacetyl in some instances, it seemed desirable to deter- 
mine how citric acid may affect other fermentation by- 
products. Instead of carrying on the fermentation in 


TABLE 2 


Diacetyl, acid and carbon dioxide production in Eldredge tubes 
by some typical lactic acid bacteria 


| Dia Carbon | Acetic Lactic | Citric Aeeks 
Species and Strain \Media* Dioxide | Acid Acid | Acid poetic! 
No. | ppm Acid 
| Mg per cent carbon 

Lactobacillus A 31.5 9 14 | 612} — | 0.02 
plantarum, B 68.9 | 19 41 | 592 0 | 0.07 
246 AC 10.0 10 21 31 — | 0.70 

CC | 11.0; 19 57 42 | 4:35 

Lactobacillus A 66.0 | 10 4 | 304; — | 0.01 
bulgaricus, B 75.5 | 15 9 | 505| — | 0.02 
7994 

Lactobacillus A 12.5 5 — | 207| — 
helveticus, B 61.0 11 13. | 620 ; 30 | 0.02 
L85 | | 

Lactobacillus | A 30.2| 5 8 | 616| — | 0.01 
helveticus, |B  |37.0| 7 | 15 | 572 | 33 | 0.03 
131 | 

Pediococeus | A |12.5| 7 | 20 | 363] — | 0.08 
cerevisiae, |B |15.5| 8 | 17 | 382] 40 | 0.04 
E66 AC | 9.0} 10 | 12 | 30 | — | 0.40 

| 19 42 | 30 | 0.45 

Streplococcus A 2.2 4 2 | 163 | — | 0.01 

faecalis, E166| | 2.2 3 3 | 212 | 39 | 0.01 
| AC 0.9 5 9 44 | — | 0.20 
| CC 0.9 5 9 50 | 39 | 0.18 

| 

Leuconostoc | A | 0 51 6 | 219; — | 0.03 
mesenteroides, B | O 57 52 | 266 0 | 0.20 
C29 | AC | 0 2 | 13 | 28| — | 0.47 

| CC | 19.0} 35 47 39 | 0 1.20 

Lactobacillus | A 0 71 | 39 | — | 0.13 
brevis, B155 | B 0 75 | 310'| @ 

| AC 0 19 31 8| — | 3.87 
| CC 0 29 47 26 | 0 | 1.80 
| 

Lactobacillus | A r0 66 36 | 412; — | 0.09 
brevis, L155 | B | 0 66 | 63 | 428 0 | G.14 


| | | 


* Medium A contained 1.5 per cent glucose, 0.5 per cent 
tryptone, and 0.25 per cent yeast extract and medium B con- 
tained the same plus 0.137 per cent citric acid. Medium AC 
contained only 0.1 per cent glucose, and medium CC con- 
tained 0.1 per cent glucose and 0.15 per cent citric acid. 


Erlenmeyer flasks, it was carried out in Eldredge 
tubes so that the carbon dioxide could be absorbed 
with barium hydroxide. rom the same medium, larger 
quantities of diacetyl were produced in the Eldredge 
tubes and still larger amounts in the presence of citric 
acid (table 2, figure 3). However, neither of the strains 
of Lactobacillus brevis produced diacetyl regardless of 
whether or not citric acid was added or the sugar was 
reduced to 0.1 per cent. Leuconostoc mesenteroides pro- 
duced diacetyl only in the low sugar citric acid medium 
CC. 

It may be further noted that the citric acid was 
utilized, at least partially, by all cultures and that or- 
dinarily carbon dioxide and acetic acid were produced 
in greater amounts when citric acid was added. In addi- 
tion, the amount of lactic acid was usually somewhat 
greater showing partial conversion of citric acid to 
lactic acid. This occurred in both the high-sugar and 
low-sugar media. 

The data indicate that diacetyl is produced in lesser 
quantities under optimum conditions for growth. 
Leuconostoc mesenteroides produced lesser amounts in 
media adjusted to pH 5.5 than pH 4.0 and little, if 
any, in laboratory media in contrast to the more acid 
orange juice. Streptococcus faecalis also produced less 
at pH 5.5 than at pH 4.0 and, when incubated at 21 C; 
Lactobacillus brevis produced diacetyl only in orange 
juice. Even Lactobacillus plantarum produced the least 
diacetyl in the orange juice adjusted to pH 5.5 and 
incubated at 32 C. In addition, it may be pointed out 
that citric acid is too poor a carbon source to allow in- 
itiation of growth of many of the lactics but will 
stimulate diacetyl production. 

There is little doubt that differences would be found 
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Figure 3. Production of diacetyl by strains of homofermen- 
tative lactic acid bacteria in Eldredge tubes using media with 
and without citrie acid. HJ = Medium A, contained 1.5 per cent 
glucose, 0.5 per cent tryptone, 0.25 per cent yeast extract, 
incubated at 32 C, pH unadjusted. _| = Medium B, contained 
1.5 per cent glucose, 0.5 per cent tryptone, 0.25 per cent yeast 
extract, 0.137 per cent citrate, incubated at 32 C, pH unad- 
justed . 
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between strains within each species as indicated by 
Berry et al. (1954). However, no marked difference 
was obtained between the nondextran producing strain 
of Lactobacillus brevis and the dextran producing strain. 


SUMMARY 


The production of diacetyl by various species of lactic 
acid bacteria is dependent upon several factors. The 
homofermentative species produce diacetyl more readily 
than do the heterofermentative species. Citric acid is 
essential for diacetyl production by some strains. In all 
species studied, diacetyl production in low-sugar 
medium is enhanced by the presence of citric acid. In 
addition, the greater quantities of diacetyl are produced 
under the less optimal conditions. From these results, 
one may conclude that, since certain strains of lactic 
acid bacteria, particularly the heterofermentative 
species, may develop without producing diacetyl, 
diacetyl production is not necessarily an indication of 
growth of such organisms. 
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In contrast with earlier curing methods, the com- 
mercially produced modern American ham is subjected 
to a relatively light cure of short duration. The hams 
are pumped vascularly to approximately 10 per cent 
of their weight with a curing solution containing sucrose 
or glucose, sodium nitrate, sodium nitrite, and sodium 
chloride. The concentration of these constituents may 
vary within limits from one establishment to another, 
but in most instances the sodium chloride concentra- 
tion ranges from 60 to 70 per cent of saturation. 

After pumping, the hams are generally submerged in 
a curing brine of similar composition and held at 3 to 4 
C for a time ranging from a few days to 4 weeks. The 
hams are then removed, washed, trimmed, placed in 
stockinettes, and smoked and thermally processed to 
an internal temperature of 60 C or higher. 

Because of the relatively rapid methods of commer- 
cial curing of the modern ham, a study was initiated to 
determine what role microorganisms might play in the 
development of the characteristic ham flavor. In the 
course of this study, a unique, motile species of Lacto- 
bacillus was recognized as comprising a major propor- 
tion of the bacterial flora in ham curing brines toward 
the end of the curing period. The characteristics and 
significance of the motile Lactobacillus species are pre- 
sented in this paper. 


MATERIALS AND METHODS 


Samples of curing brines of various ages, and cured 
but not smoked hams, were obtained from local packing 
plants. In addition, samples were examined from a 
number of hams and curing brines that had been cured 


experimentally in the laboratory. These samples were ° 


plated quantitatively in APT agar? (Evans and Niven, 


' Journal paper no. 153, American Meat Institute Founda- 
tion. This research was undertaken in cooperation with the 
Quartermaster Food and Container Institute for the Armed 
Forces, and has been assigned number 821 in the series of papers 
approved for publication. The views or conclusions contained 
in this report are those of the authors. They are not to be con- 
strued as necessarily reflecting the views or indorsements of the 
Department of Defense. 

*? APT medium contains per L: tryptone, 10 g; veast extract, 
5g; NaCl, 5 g; KoHPO,, 5 g; sodium citrate, 5 g; glucose, 10 g; 
Tween 80, 1 g; MgSO,-7H20, 0.8 g; MnCl.-4H.2O, 0.14 g; and 
FeSO,-7H.O, 0.04 g. For plating, add 1.5 per cent agar. 
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1951) and incubated at 30 C. Various temperatures of 
incubation, media, and concentrations of sodium 
chloride in the medium were used in preliminary ex- 
periments. The use of APT agar and incubation at 30 C 
resulted in the highest total counts. 

The physiological characteristics of the lactobacilli 
were determined in a basal medium containing tryptone 
(Difco), 10 g; yeast extract (Difco), 5 g; KeoHPO,, 2 g; 
glucose, 0.5 g; bromeresol purple, 0.04 g; distilled 
water to 1 L; pH 7.0 to 7.2. The inoculum consisted of 
1 drop of a 24-hr culture grown in APT broth. Carbo- 
hydrates were autoclaved separately and added asep- 
tically to the basal medium. 

All cultures were reisolated to insure purity. Testing 
for the presence of catalase was accomplished using the 
YTG medium of Felton et al. (1953). The temperature 
limits of growth and tolerance to sodium chloride were 
determined using APT broth as the basal medium. 
Final pH values were determined in a 2 per cent glu- 
cose-APT broth. Esculin hydrolysis was detected by 
the addition of ferric ammonium citrate to broth cul- 
tures. The hydrolysis of sodium hippurate was deter- 
mined by the addition of 0.5 ml of 1:1 sulfuric acid to 
1 ml of supernatant aliquots of the broth cultures and 
the detection of benzoic acid crystals. 

Some difficulty was encountered in determining the 
optical rotation of the lactic acid produced from the 
fermentation of glucose by motile lactobacilli. All cul- 
tures were grown in a 2 per cent glucose broth. These 
cultures had to be neutralized frequently to avoid a 
cessation of fermentation and a consequent diminished 
lactic acid yield. The lactic acid was converted to its 
zine salt prior to determination of its optical rotation. 
The water of hydration of the zine lactate was also de- 
termined, and the values obtained agreed with the 
optical activity of the respective samples. 

Motility was determined by conventional micro- 
scopic methods using 18- to 24-hr cultures. The cultures 
tended to lose their motility upon prolonged incubation. 

A semisolid agar medium, as described by Clark and 
Carr (1951), was also used for determining motility. The 


3 YGT agar consists of: tryptone, 1.0 per cent; yeast extract, 
0.5 per cent; NaCl, 0.5 per cent; KHPO,, 0.2 per cent; glucose, 
0.05 per cent; agar, 1.5 per cent. 
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most suitable agar concentration to demonstrate mo- 
tility among the lactobacilli appeared to be 0.2 per 
cent. Occasional strains were found which had been 
designated as nonmotile by the direct microscopic 
method but which proved to be motile in the semisolid 
agar medium. 


RESULTS 


The total bacterial population of the ham curing 
brines examined in this study ranged from 50,000 to 
36,000,000 per ml, with a median of approximately 
1,000,000. The brines had been in use for 3 to 30 days 
at the time of obtaining the samples. The higher counts 
were noted in the older brines. In most instances, the 
brines at the end of the cure contained 1,000,000 bac- 
teria per ml or less. 

The lactobacilli isolated in this study were the most 
common contaminants encountered in commercial as 
well as experimental hams and curing brines. All of 
the strains of the genus Lactobacillus were gram-posi- 
tive, catalase-negative, nonsporeforming rods that did 
not reduce nitrate to nitrite. All strains were homo- 
fermentative. Optimum temperature of growth was 
approximately 30 C for the strains studied in detail. 

A relatively large number of the Lactobacillus strains 
isolated in this study presented a striking morphological 
picture upon primary isolation (figure 1). Some of the 


cells as observed by microscopic examination were 
straight rods, however, the majority were curved in ap- 
pearance. Studies to ascertain the environmental con- 
ditions which produce the curved state of these bac- 
teria have been unsuccessful. Although the occurrence 
of these curved rods was associated initially with a high 
salt content of the growth medium, successive trans- 
fers, with or without sodium chloride, eventually re- 
sulted in the loss of this characteristic morphological 
feature. Incubation over a wide range of temperatures 
in varying concentrations of sodium chloride failed to 
retain the cultures as curved rods. Occasionally, the 
straight rods showed a sporadic tendency to revert to 
the curved state. 

The finding of curved lactobacilli has been reported 
by previous investigators. Orla-Jensen (1919) observed 
curved rods in cultures of Lactobacillus casei and Lacto- 
bacillus plantarum. More recently, Harrison and Han- 
sen (1950a) reported the tendency of a strain of L. 
plantarum to show curved forms. 

The motile ham lactobacilli varied in size over a 
rather wide range, even in a single culture. The mean 
length of the rods was approximately 3.5 yu. As demon- 
strated in figure 1, there was a tendency for the ends of 
a pair of rods to meet to form a doughnut-like appear- 
ance. 

Seventeen of the motile lactobacilli were selected for 


Figure 1. Characteristic appearance of the motile lactobacilli on primary isolation from curing brines and unprocessed hams 
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detailed physiological study. A summary of these 
studies is presented in table 1. These studies indicate 
that the motile lactobacilli comprise a rather unique 
group of microorganisms. As indicated in the table, 
they form a relatively homogeneous group with the 
exception of variations among the fermentation tests. 
In addition to their motility and peculiar morphology 
at the time of primary isolation, they are characterized 
by their rather weak fermentation capacity, their 
ability to grow at low temperatures and in high salt 
concentrations, and the production of the /(+)-isomer 
of lactic acid from the fermentation of glucose. 

In his description of L. plantarum and L. casei, Orla- 
Jensen (1919, 1943) differentiated these two species in 
that L. plantarum fermented melibiose and frequently 
fermented raffinose, inulin, and the pentoses. The lactic 


TABLE 1 


Physiological characteristics of the motile lactobacilli from 
ham curing brines 


CO. from glucose _ 
Catalase produced 
Nitrate reduced = 
Acetylmethylearbinol produced _ 
Litmus milk Slightly acid or no 
change 
Final pH, glucose broth 4.9 to 5.3 
Hydrolysis: 
Sodium hippurate = 
Eseulin 
Arginine = 
Gelatin 
Starch 
Growth: 
10C + 
40 C 
45 C = 
10% NaCl broth + 
Fermentation: 
Xylose + 
Arabinose 13+; 4- 
Lactose 15+; 2- 
Raffinose 3+; 
Inulin l1l+; 6— 
Glycerol (aerobic) 9+; 4- 
Glycerol (anaerobic) 4+; 9— 
Mannitol + 
Sorbitol 6+; 
Melibiose - 
Rhamnose 4+; 11- 
Sorbose 1+; 14- 
a-Methy]-d-glucoside 11+; 4- 
Lactic acid isomer from glucose l(+) 


All strains fermented mannose, fructose, galactose, maltose, 
sucrose, trehalose, salicin, and cellobiose. None of the strains 
fermented adonitol, melezitose, dulcitol, inositol, or a-methyl- 
d-mannoside. 


acid produced from glucose was usually optically inac- 
tive, although some strains produced an excess of the 
dextro-rotatory isomer. More rarely, pure deztro- 
rotatory lactate was produced. In contrast, L. casei did 
not ferment melibiose and “only exceptionally” fer- 
mented pentoses, raffinose, and inulin. Dextro-rotatory 
lactic acid was usually produced by this species. 

In view of their inability to ferment melibiose, as 
well as the characteristic production of pure deztro- 
rotatory lactic acid, it would seem that the motile 
lactobacilli from hams are related to L. casez. However, 
due to their high final pH value, pentose and inulin 
fermentation, and inability to hydrolyze sodium hip- 
purate, the taxonomic identity of the motile lactobacilli 
remains obscure at the present time. Rogosa et al. (1953) 
demonstrated that L. casei characteristically hydrolyzes 
sodium hippurate. 

In the course of this study a number of lactobacilli 
were isolated from ham curing brines which had char- 
acteristics identical to the motile strains with the ex- 
ception of motility. Therefore, it would seem that mo- 
tility itself is not a satisfactory primary characteristic 
for species delineation. However, this character, 
coupled with other unique features, may well serve to 
delineate a species. 

Attempts to further identify the motile lactobacilli by 
use of serological methods met with failure. Rabbits 
were injected intravenously (5 days per week) with sus- 
pensions of heat-killed cells over a period of 4 weeks. 
Three representative cultures were employed for these 
injections. When extracts prepared by the conventional 
Lancefield technique were tested against the rabbit 
sera, no positive precipitin reactions were obtained, 
even among the homologous antigens. Therefore, 
further attempts along these lines were abandoned. 

Further investigations of the physiological char- 
acteristics of the motile lactobacilli revealed that vir- 
tually all cultures produced and accumulated meas- 
urable quantities of hydrogen peroxide when grown 
aerobically in broth culture. Consequently, when 
streaked upon the cut surface of frankfurters, the 
motile cultures were able to discolor the cured meat 
pigment. 


Discussion 


The occurrence of motile lactobacilli has been re- 
ported previously in the literature. Cunningham and 
Smith (1940) recorded the presence of motile micro- 
organisms in silage which appeared to be lactobacilli. 
Harrison and Hansen (1950a, b) isolated a motile cul- 
ture of L. plantarum from turkey cecal feces. Hays and 
Reister (1952) reported fhe occurrence of motile L. 
plantarum in spoiled, frozen, concentrated orange 
juice. Mann and Oxford (1954) isolated three motile 
homofermentative, mannitol-fermenting lactobacilli 
from the calf rumen, and which could not be identified 
as to species. More recently, Vankova (1957) noted 


| 
h 
il 
Ss 
1e 
d 
d 
in 
n- 
of 
or 

o 

= 


326 R. H. DEIBEL AND C. F. NIVEN [VoL. 6 


the occurrence of motile, catalase-positive strains of 
Lactobacillus delbruckii that were used in commercial 
fermentations. With the possible exception of strains 
of Lactobacillus pentoaceticus, described by Fred et al. 
(1919) and Weinstein and Rettger (1932), it should be 
noted that all motile lactobacilli reported thus far be- 
long to homofermentative species. 

During the course of this study, three motile cultures 
from orange juice were obtained from Hays and Reister, 
and the turkey cecum culture from Harrison and 
Hansen. These cultures were included for comparative 
purposes. Table 2 presents a few differential char- 
acteristics among the motile strains studied. Included 
in this table are the results reported by Mann and Ox- 
ford (1954) on the three motile strains from the calf 
rumen. 

The cultures from the turkey cecum and calf rumen 
have characteristics much in common and probably 
should be considered one species, as suggested by Mann 
and Oxford. On the other hand, the orange juice strains, 
as well as the strains from curing brines, are distinct 
within themselves. Therefore, it would seem that motile 
lactobacilli may be represented among a number of 
different species. In the light of the fact that motile, 
homofermentative lactobacilli appear to be rather com- 
mon in nature, that catalase-positive lactobacilli are 
known to exist (Dacre and Sharpe, 1956; Vankova, 
1957), and, indeed, some are able to reduce nitrate 
(Costilow and Humphreys, 1955), it would seem to be 
necessary to broaden the concept of the generic delinea- 
tion now recognized for this group of lactic acid 
bacteria. 

In spite of the fact that the motile lactobacilli usually 
comprised the majority of the flora in ham curing 
brines, it is highly doubtful that they influence the 
curing or final characteristics of the ham. In fact, it is 


TABLE 2 


Comparison of homofermentative, motile lactobacilli isolated 
from various sources 


Harrison Hays and | Mann and 


Present 
: and Hansen Reister Oxford 
Study (1950a, b) (1952) | (1954) 
Spoiled 
: Hams and urkey concentra- 
Source of cultures... --leuring brines param ted orange \Calf rumen 
juice 
Number of strains..., 17 1 3 
5.1 3.9 4.0 4.0 
Growth: 
10% NaCl........ + 
Lactic acid isomer 
from glucose...... 1(+) dl* dl dl* 


* An excess of /(+) lactic acid is produced by these strains. 


difficult to conceive that any microorganism is involved 
in the manufacture and development of the char- 
acteristic flavor of the modern commercial ham. The 
streamlined curing techniques now employed, accom- 
panied by rather prompt thermal processing in the 
smokehouse, generally precludes the possibility of high 
bacterial populations in any stage of their manufacture. 
Other studies have demonstrated a consistently low 
bacterial population in the interior of the intact ham 
throughout the curing and smoking procedures. The 
surface contaminants, largely originating from the cur- 
ing brine and subsequent handling, are greatly reduced 
in numbers in the smokehouse before they are given a 
chance to grow extensively. 

Experiments have been conducted in the laboratory 
in which the brines used for pumping and covering the 
hams deliberately were inoculated with large numbers of 
the motile lactobacilli. The subsequent smoking sched- 
ule of these hams was adjusted to encourage extensive 
growth of the inoculated bacteria throughout the hams. 
In spite of the high populations achieved, the resulting 
organoleptic characteristics usually were not very 
different from uninoculated control hams processed in 
a similar manner. In a few instances the inoculated 
hams developed undesirable flavors and odors. 
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SUMMARY 


Among the microorganisms detected in ham curing 
brines and on the surface of cured unprocessed hams, a 
motile, homofermentative species of Lactobacillus was 
found to be one of the most common contaminants. 
This species of Lactobacillus was characterized by its 
peculiar curved appearance upon primary isolation, its 
high salt tolerance, its weak fermentative ability, and 
the production of the /(+)-isomer of lactic acid from 
glucose fermentation. 

The motile lactobacilli possessed characteristics in 
common with both Lactobacillus casei and Lactobacillus 
plantarum, but appeared to be distinct from either one 
of these. Nonmotile strains of Lactobacillus were isolated 
that otherwise were identical to the motile variety. 

Evidence indicates that the motile lactobacilli are of 
no significance in the curing of hams. 
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Selective methods for removing and/or concentrat- 
ing bacterial spores and vegetative cells from the growth 
medium are essential in studies on spore physiology 
and antigenicity, phagocytosis, and similar problems 
in which cell preparations free of cellular debris are de- 
sired. Development of a method to obtain ‘‘clean” 
preparations followed the observation that masses of 
material collected above the liquid level in the head of 
foam when Bacillus anthracis was grown in aerated deep 
cultures. When this niaterial was smeared and stained, 
microscopic observation indicated that the material was 
composed of essentially clean spores. Frequently, on 
those occasions when masses of the material collected 
or when foam was incompletely controlled and _ lost 
through the air vent, the spore count of the culture was 
low. These observations led to the conclusion that a 
collection process could be developed that would 
separate B. anthracis spores from vegetative cells and 
cellular debris contained in the culture medium. Such a 
method of purification by flotation was developed and 
is reported in this paper. While this manuscript was 
being edited, it was learned that similar independent 
observations had been made and the same conclusions 


Deceased. 


drawn by Black et al. (1958) who observed the loss of 
Bacillus cereus spores from deep culture fermentations 
after uncontrolled foaming. 

In the present study, simple glass cylinders equipped 
with spargers or diffusers were used as foaming cham- 
bers. Serratia marcescens cells were first successfully 
separated and collected and, with the development of 
equipment and a working procedure, cells of Brucella 
suis and Pasteurella (Bacterium) tularensis and spores of 
B. anthracis and Bacillus subtilis var. niger (B. globigit) 
were processed. Although major emphasis has been 
placed on the results obtained with B. anthracis, data 
on several other species are given to supply additional 
information on the flotation of cells or spores. 


THEORY AND BIoLoGIcAL APPLICATION OF 
Foam PrRopUCTION 


Production of foam requires a lowering of the surface 
tension and a certain degree of heterogeneity of mole- 
cules at the gas-liquid interface. High viscosity and 
presence of long-chain molecules aid foam formation. 

Foam stability depends upon concentration of foam- 
producing agents, whereas the amount of foam is a 
function of the method by which it is formed and the 
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amount of surface-active agent present. Maximum sta- 
bility of foam occurs when (a) the concentration of sur- 
face-active agent is within certain limits of low con- 
centration, (b) viscosity is increased, (c) long-chain 
molecules are present, (d) adsorbed solid particles are 
present on foam bubbles, and (e) bubble size is small. 

Froth flotation is used for certain separations of ores. 
Usually mechanical agitation is employed to produce 
bubbles, and three classes of chemicals may be added 
to improve the separation and collection of the desired 
mineral. Collectors, such as the xanthates, give the 
mineral particles a hydrophobic coating, thereby in- 
creasing the angle of contact between air bubble and 
particle. Frothers, of which cresols or terpineol are 
representative, lower surface tension and increase sur- 
face heterogeneity, thereby making foam production 
easier. Modifiers, such as sodium cyanide or copper 
sulfate, either depress the flotability of the undesired 
particles or increase the coating by the collector of the 
particle desired in the froth. 

Biological industries make less use of flotation than 
does the mining industry. Dognon (1941) used flotation 
to separate bacterial cells from salt solutions. By a foam 
process, Hopper and McCowen (1952) purified surface 
water of most solid particles, including 99 per cent of 
the bacteria and all cysts of Endamoeba histolytica. In 
the large scale culturing of algae, flotation is used to 
concentrate the mature culture (Cook, 1950). Flotation 
has been used for treatment of sewage and industrial 
waste (Hansen and Gotaas, 1943; Gibbs, 1950), for 
separation (a) of corn gluten from the starchy material 
of the corn grain (Boie, 1938; Smith, 1950), (b) of 
catalase from a solution of lysed erythrocytes (Dognon 
and Gougerot, 1949), (c) of oleic acid from the ex- 
hausted solution containing free NaOH (Raison, 1949), 
(d) of ripe grain from ergot (Plante and Sutherland, 
1944), and (e) for certain other separations (Gaudin, 
1957; Roe, 1948). The book by Gaudin (1957) provides 
a general reference, whereas the paper of Gaden and 
Kevorkian (1956) represents an applied treatment of 
the subject. 


MATERIALS AND METHODS 


Cognizance of the potential hazards of handling 
pathogens required that all work be conducted in ac- 
cordance with the general philosophy of laboratory 
operations outlined by Reitman and Wedum (1956). 

Method of producing foam. Foam has been produced 
by passing compressed air through fritted glass of a 
specified average pore size into the culture containing 
bacterial cells. Dise and tube types of fritted glass spar- 
gers were used. Air was sterilized by passage through 
layers of Chemical Corps no. 6 paper,? and regulated 


2M. S. A. Ultra-Aire Space Filter Paper E6, Mine Safety 
Appliance Company, Pittsburgh, Pennsylvania. 
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by rotometers constructed to meter air at rates between 
0 and 15,000 ml per min. 

Foam chambers and flotation procedure. Foam cham- 
bers 35, 51, or 70 mm in outside diameter and 8, 12, or 
16 in. in height were fused to the dise or tube type 
spargers. Chambers with disc or tube type spargers, a 
modified type used for head-space experiments, and the 
arrangement of spargers and collection flasks for both 
a one- and two-step foam process are illustrated in figure 
1. If foam persisted in the collection flask, caprylic al- 
cohol was added. The concentration factor of the 
spores or cells is expressed as the ratio of 


Cells per ml in volume collected 


Cells per ml in original culture 


Growth medium. Except as specifically indicated, 
cells were produced in a medium composed as follows: 
Casein hydrolyzate, 1.2 mg Kjeldahl nitrogen per ml; 
autolyzed yeast solids, 0.5 per cent; glucose, 0.5 per 
cent; KsHPO,, 0.5 per cent; MgSO,-7H.O, 0.005 per 
cent; MnS0O,-4H:0, 0.003 per cent; FeSO,-7H,0, 
0.001 per cent; tap water to volume; pH 7.0 + 0.1 
adjusted with NaOH or H.SOx,. 

Casein was hydrolyzed as follows: 10 g of casein, 40 
ml of water, 30 ml of 2 m H:SO,, and 2 ml of 2 m 
H;PO, were autoclaved at 20 lb pressure for 4 hr. After 
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Figure 1. Diagram of foam chambers and flotation process 
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cooling, the hydrolyzate was neutralized to pH 7.5 with 
10 xn NaOH. Volume was increased to 100 ml with 
water, | g of Celite* was added, and the hydrolyzate was 
clarified by filtration through filter paper. 

Cultural conditions. All cultures were incubated in 
Erlenmeyer flasks on a reciprocating shaker furnishing 
99 cycles of 3-in. amplitude per min. 


RESULTS 


Collection of spores of Bacillus anthracis. (1) Relation 
of autolysis of cultures and collection of spores: In pre- 
liminary studies designed primarily to demonstrate 
that spores could be separated from a variety of media, 
concentration factors varied from 1.4 to 16.8. The rela- 
tively inconsistent results seemed to be correlated with 
the degree of sporulation and autolysis of the cultures. 
Collection of spores was inefficient in cultures less than 
75 per cent sporulated, and a greater degree of sporula- 
tion resulted in a corresponding increase in efficiency of 


3 Johns-Mansville Co., New York, New York. 


TABLE 1 


Effect of sparger pore size on collection and 
concentration of spores 
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the process. Certain data have been summarized as 
follows: 


Conc factor 
Autolysis >75% complete: Single foam process 9.0 
Double foam process 19.7 
Autolysis <75% complete: Single foam process 4.4 
Double foam process 10.9 


(2) Importance of pore size of sparger: Spargers with 
average porosities of 5, 40, and 160 yu, hereafter referred 
to in the text as fine, medium, and coarse, respectively, 
were evaluated for their effect on both the collection 
and the concentration of spores. The results of these 
experiments are given in table 1. As sparger pore size 
increased, the number of spores collected and the 
number of spores per ml, with a corresponding increase 
in the concentration factor, increased. Coarse spargers 
produce a greater proportion of large, thin-walled, dry 
bubbles than do spargers with small pore size, thereby 
entraining less water and increasing efficiency. 

(3) Collection of spores at various rates of air flow: 
Experience showed it was necessary to use relatively 
low rates of air flow at the beginning of the process and 
to increase the rate when visual observations indicated 
the foam volumes to be decreasing. The concentration 


Sparger Pore Size | pN0of,, | Collected Spores, | Cone Factor factor and the volume of liquid collected show that 
Deeasicacte | | maximum concentrations were not obtained with fast 
Sess tnt | 5 | 8.0 | 8.8 rates of air flow. Certain data supporting this conclu- 
~ nag | : | ng | cs sion are presented in table 2. The coarse sparger is more 

| efficient as regards spores collected than the medium 

TABLE 2 
Efficiency of flotation chambers operated at different air flow rates in collection of Bacillus anthracis spores 
| Rate of Air Flow 
| 40 u Sparger pore size operated at indicated air flow rate 160 » Sparger pore size operated at indicated air flow rate 
Fast | Medium | Slow Fast | Medium Slow 
Original spore count (10°9/ml)... 1.2 | 1.6 | 1.4 1.2 | 1.6 1.4 
Collected spores (10°/ml)....... 8.8 17.9 | 20.0 9.9 | 19.8 | 27.0 
Spores collected, %............. | 100.9 | 74.0 | 83.7 79.3 78.9 | 78.2 
Concentration factor*........... | 7.3 11.1 | 14.3 | 8.2 | 12.4 19.3 
| Volume of air used during indicated successive time periods (in min) of the collection process 
a ; | min | ml/min | min | ml/min min ml/min min ml/min min | ml/min | min ml/min 
Successive time periods of proc- | os | 312 | 0-41 75 0-39 25 0-5 325 0-20 65 | 012 | 25 
ess of froth flotation process | 8-14 | 475 41-48 | 100 39-51 75 5-9 575 | 20-34, 425 | 12-22 50 
14-18 582 48-53 | 400 51-56 125 9-14 | 750 | 3446 537 22-37 | 125 
18-22 | 682 | 53-86 | 512 56-75 487 | 14-20 | 825 | 46-76 487 | 37-56 155 
22-32 882 | 75-90 250 | 20-30 | 1150 | 76-87 | 812 | 56-90 | 271 
32-35 1075 90-128 337 | 30-35 | 1350 | 87-89 1120 90-128 437 
. | 128-144 | 550 | 35-37 | 1675 | 128-147 | 1032 
Total time for process, min. . : 35 86 | 144 | | 37 | | 89 | 147 | 
Total air used (min X ml/ | | | | | | | 
| | 22,447 22,671 181 | 34,225) 42,426 | 50,963 


* Concentration factor = (spores/ml collected)/(spores/ml in original culture). 
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sparger but less efficient when volume of air used for 
the process is considered. 

(4) Influence of head space on collection: The space 
between the surface of the liquid being foamed and top 
of the foam chamber, referred to as ‘‘head space,”’ pro- 
vides room in which the foam drains and dries as excess 
liquid drains while the foam is being lifted to the outlet 
of the foam chamber. Head space may be varied by 
changing the diameter, the height, or both height and 
diameter of the flotation chamber. Two series of experi- 
ments were completed in which head space was varied 
by changing the diameter of the chamber above the 
liquid level so that foam was produced in a 35 mm 
chamber but aged in a chamber of 35, 51, or 70 mm in 
diameter. All chambers were equipped with a coarse 
sparger. These data are summarized in table 3. 
The evaluation of the variable of head space was con- 
founded. The size of the bubbles was directly related 
to head-space volume, with larger bubbles produced in 
the chambers with enlarged head space. Comparatively 
speaking, the 70 mm diameter chamber gave a higher 
concentration of spores than did the 35 mm chamber. 
Efficiency of collection and time required to complete a 
flotation run was not entirely dependent on chamber 
diameter, as each increase in chamber diameter in- 
creased the amount of air necessary to complete the 
flotation. 

When the height of the head space above the liquid 
in the 51 mm flotation chamber was varied from 3.0 to 
4.5 in., there was no significant difference in the con- 
centration factor, per cent recovery, or volume of air 
used for a collection. 

Further experimentation on optimum size and shape 
of the sparging chamber to accomplish maximum 
concentration needs to be done as it is expected that, 
if the height of the foam chamber were increased, a 
drier foam and a greater concentration factor would 
result. 

(5) Effect of pH, NaCl, and genetic colonial type 
on collection of spores: Addition of 5 per cent NaCl or 
adjustment of the pH of the cultures from the normal 
pH range of about 7.5 to a pH of 6.0, 7.0, or 8.0 had 
no significant effect on the collection of spores. 

A typical colony of the Vlb strain of B. anthracis ap- 


TABLE 3 
Ratio of results obtained using chambers of indicated diameter 


Diameter of Chamber, mm 


Relative concentration............. 1.0 ey | | 1.88 
Relative recovery (efficiency).......| 1.0 1.08 | 0.97 
Relative volume of air used........ 1.0 2.33 3.95 
Relative time of operation. ........ 1.0 1.08 | 1.29 


* Three replications. 
+ Six replications. 
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pears raised, rough, and rhizoid and was described 
earlier by Zelle et al. (1946) as colonial type RSI. The 
colony appears smooth when grown on bicarbonate 
agar. The collection of colonial variants was inefficient, 
both with respect to per cent of spores collected and 
concentration achieved. With mucoid variants, the 
foam appeared wetter than normal, and the collected 
product contained noticeable amounts of debris. 

(6) Concentration achieved by the foam process: 
Six trials were made to determine the concentration of 
spores obtainable when a two-step foam process was 
employed. In these experiments, the foam from a 16 in. 
chamber was collected in an 8 in. chamber in which 
the rate of air flow was maintained at a minimum until 
collection of spores from the first chamber was com- 
plete. The rate of air flow in the second chamber then 
was adjusted to force foam into the collection flask. 
Both chambers were 51 mm in diameter and contained 
medium spargers. Data obtained for this process, given 
in table 4, show that collection was independent of the 
initial count of the culture and that the efficiency of the 
collection is high. 

After these experiments were completed, coarse 
spargers became available. The results of seven runs 
made by a one-step process with coarse spargers and a 
foam chamber of 51 mm in diameter and 16 in. high 
are presented in table 5. 

An average concentration of 40-fold was achieved 


TABLE 4 


Values for certain operational variables in separating spores of 
Bacillus anthracis by a two-step foam process* 


Rate of Air Flow 


Race to 


Slow 


Trial | Trial | Trial | Trial | Trial | Trial 
1 2 3 4 > 6 


Spores in culture, 10°/ml...) 1.1 | 1.3 | 1.9 | 0.7 0.9 1.3 
Spores remaining in 16 in. 


chamber, %..............:.. 18.3 |19.6 | 9.7 |19.7 | 18.2) 10.5 
Spores remaining in 8 in. 

chamber, %............. 4.2| 2.0] 1.9|2.1| 2.7) 2.9 
Spores collected by process, | 

90.4 69.6 70.0 86.1 | 75.5) 96.5 
Spores concentrate, | 

35.5 |43.5 |75.0 |36.0 | 45.0) 70.0 
Concentration factorf...... 32.5 |34.8 |35.5 [55.3 | 52.2) 54.2 
Total air used 16 in. cham- 

20.2 34.3 |44.1 |82.5 | 76.1) 73.5 
Total air used 8 in. cham- 

8.3 |11.5 |13.1 |20.0 | 33.6} 22.0 
Operation time 16 in. cham- | 

Additional time required | 

for 8 in. chamber........ 18.0 25.0 24.0 [15.0 43.0, 17.0 


* Chambers were 51 mm in diameter; spargers had a 40 » 
pore size. 

+ Concentration factor = (spores/ml collected)/(spores/ml 
in culture). 
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with coarse spargers with cultures averaging 1.1 billion 
spores per ml. Three runs made at this time using 
medium spargers effected only a 20-fold concentration. 
Approximately the same concentration factor was 
achieved by the one-step process with coarse spargers 
or the two-step process with medium spargers; how- 
ever, the former required a longer operation time and 
more air. The greater efficiency of the coarse spargers 


TABLE 5 


Values for certain operational variables and concentration of 
Bacillus anthracis spores achieved using 160 » spargers and 
slow air flow rate 


Trials 


1 | 2 | 3 


Spores in | | | 

ture, 10®/ml...) 1.1) 0.9) 1.4 0.9) 1.6 0.7) 1.1 
Spores in con- | | | | 


| 
| 


centrate | | 

109/ml........ 43.5) 50.5, 36.0, 31.0 40.5 35.1 60.1, 42.4 
Concentration | | | | 

factor*....... _ 38.0) 59.4) 26.4) 35.0) 25.4) 48.7) 48.8, 40.2 
Time, min..... -|363.0)398.0 383.0 197.0 147.0 446.0,240.0 312.0 
L of air/min— | | | 

minimum. .... | 0.2 0.5, 0.3) 0.1 0.1 0.8 0.1) 0.3 
L of air/min— | | | | 

maximum..... 1.6; 0.8} 1.0) 0.8} 2.0) 2.0) 3.2) 1.6 
Total volume of | | | 


| 
| | | | | | 

air used, L. 67.9, 85.8) 90.1) 68.5, 59.4122.5 91.0, 83.6 
| 


* Concentration factor = (spores/ml collected) /(spores/ml 
in original culture). 
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Figure 2. Removal of spores of Bacillus anthracis from cul- 
ture medium by foam produced with a sparger having a pore 
size of 40 uw in diameter. Concentration factor obtained, 15.8. 


is attributable to production of a drier foam, especially 
at the start of the process. 

(7) Progressive removal of the spores by foam: The 
progress of spore removal was studied in 16 in. foam 
chambers of 51 mm diameter, equipped with medium 
or coarser spargers. The results obtained with the 
medium sparger are plotted in figure 2. Spores per ml 
increased progressively up to 48 min; the gradual de- 
crease thereafter occurs independently of the rate of air 
flow. When a coarse sparger was used (figure 3) the 
initial rate of air flow was increased too rapidly at 64 
min and again at the 97 min period, resulting in a wet- 
appearing foam of poor carrying capacity. Consistent 
with previous observations, the medium sparger used 
only half as much air as the coarse sparger. 

(8) Description of product: Spores collected by foam 
flotation are individual and free of vegetative parts of 
the cell, and little debris is collected by the foam. The 
concentrate is cream colored, flows freely, and can be 
easily pipetted or diluted. In this respect, it contrasts 
markedly with centrifuged concentrates. Microscopic 
examination of the material remaining after spore 
collection shows vegetative cells singly or in chains, 
spores, and debris produced by cell autolysis or spore 
germination. 

Collection of spores of Bacillus subtilis var. niger by 
flotation. There seems to be a factor in culture liquors of 
B. subtilis var. niger which initially prevents adsorption 
of spores by foam bubbles. During the first stages of 
foaming this factor is depleted and removal of spores 
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Figure 3. Removal of spores of Bacillus anthracis from 
culture medium by foam produced with a sparger having a pore 
size of 160 » in diameter. Concentration factor obtained, 11.8 
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is more efficient. Water dilution or adjustment of the 
liquor to pH 11.5 increased removal. Six trials on 
liquors diluted with two parts of water, adjusted to pH 
11.5, and processed at a very slow rate of air flow yield 
a concentration factor of 8.6. As with B. anthracis, 
autolysis of the culture was essential before attempting 
foam separation, but, in contrast, foam produced by fine 
spargers carried more spores than did foam produced by 
medium spargers. 

When spores of B. subtilis var. niger were suspended 
in acetone, dried, and resuspended in casein hydrolyzate 
medium, their separation and concentration by foam 
was easily accomplished. 

Collection of cells of Serratia marcescens by flotation. 
Cells of S. marcescens were collected employing both 
fine and medium spargers. The concentration of cells 
and data on the variables of eight runs are given in 
table 6. 

If the processed medium contained 2.0 per cent 
casein hydrolyzate the persistent foam initially pro- 
duced was followed by a thinner, nonpersistent type 
that removed cells more efficiently toward the end of 
the process. Initial dilution of the medium with three 
parts of water yielded a cell-carrying foam equivalent 
to the nonpersistent foam mentioned above. These re- 
sults probably are related to molecular heterogeneity 
of the surface layer, with the diluted broth providing 
more homogeneity of the surface layer in respect to 
water than does the 2.0 per cent broth, the latter pro- 
vides homogeneity of the surface layer in respect to 
the protein-like constituents. 

When 16 and 27 in. chambers of 35 mm diameter 
were used with equal volumes of culture, the one pro- 
viding the higher head space between the liquid and 
the outlet was more efficient both in concentration at- 
tained and percentage of cells collected. When the 


TABLE 6 


Concentration of cells of Serratia marcescens 
achieved by froth flotation 


5 of 2 | Sm Pore Size Sparger 40 » Pore Size Sparger 
| | Se | 
| 109/ml | ml % min | L ml % min | L 
4 8 2.0 | 42.6 35 50.7 45 1.24 69 54.2 | 60 | 7.92 
5 | 8 |2.0 | 31.8 | 38 57.0 40 i 68 | 77 (76.5 50 8.87 
| } | | 
| | 
6 | 8 1.6 | 30.5 | 41 69.3 | 34 1.77 68 71.8 | 60 | 7.79 
7 | 8 | 30.8 | 53 51.3 40 1.10 87.3 | 56 9.99 
| | |_| 
9 8 1.0 46.2 46 61.6 40 1.25 73 (72.5 | 53 | 9.23 
145 8 0.5 | 39.5 | 33 179.1 66 1.78 | 44 '80.2 120 6.29 
| 
| 
17 | 16 2.0 42.0 18 (68.7 50 1.00 | 47 |73.1 | 9.89 


19 | 16 2.0 51.5 19 70.4 131 3.03 46 84.0 149 21.70 
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height of head space above the liquid and volume of 
foamed liquid was held constant, then a more efficient 
removal of cells occurred in the 35 mm diameter 
chambers as compared with the larger 51 or 70 mm 
sizes. 

The removal of cells and volume of air used in pro- 
cessing a culture is presented in table 7. Separation of 
cells from the liquor was rapid, and the cell removal 
efficiency during each period was more or less constant 
throughout the process; however, during the final pe- 
riods, the foam was thin and easily broken, requiring 
longer times to collect a unit number of cells. 

In contrast to the results with B. anthracis, cultures 
of S. marcescens were found to collect more efficiently 
in foam produced by fine spargers than with medium 
spargers. The same percentage of cells eventually was 
collected by either sparger. The process with S. marces- 
cens was characterized by use of a relatively low rate of 
air flow and rapid collection of the cells into a small vol- 
ume. 

Concentration of cells of Brucella suis by flotation. At- 
tempts to remove cells of the smooth strain of B. suis 
from casein hydrolyzate medium were unsuccessful. 
The thin, unstable form produced had the appearance of 


TABLE 7 


Cell removal and volume of air used in concentrating Serratia 
marcescens cultures by foam* 


Sparger with Pores of 5 wu Sparger with Pores of 40 u 


Cumula- | Effi- Cumula- 


_ Time | Air | tive total | ciency | | Time Air | tive total sane wed 
interval flow of cells | of re- | interval | flow of cells | tom eval 
| | removed |movalt removed 

min | L | 10%/ml | % | min | L | 10%/m! % 
0-5 | 0.17 7.3 17.2 0-5 0.24 4.5 10.6 
5-10 (0.17 9.5 | 6.3] 515/048) 4.9 | 12.8 
10-15 | 0.30 | 21.7 40.0 | 15-25 | 1.96 4.8 14.5 
15-20 0.31 | 29.4 37.0 | 25-35 | 2.30 2.9 10.2 
20-25 | 0.18; 31.5 16.0 | 35-45 | 2.64 12.8 11.4 
25-40 | 0.56 | 33.8 20.9 | 45-60 | 1.35 11.2 57.1 


Cells remaining uncol- 
lected, 109/ml...... 8.7 
Concentration factor 7.9 


Cells remaining uncol- 
lected, 109/ml....... 6.4 
Concentration factor.. 8.5 


* Original culture contained 42.5 X 10° cells/ml. 
+ Per cent removal during the indicated period of cells 
present at the start of that period. 


TABLE 8 


Results of collecting Bacillus suis by foam with 
respect to capsular material 


| Smooth Mucoid Rough 
Original culture, 10°/ml....... 40.5 16.5 30.5 
Remaining cells, 109/ml....... 34.0 3.5 12.5 
Collected cells, 109/ml.........| 27.2 62.0 158.6 
Concentration factor.......... 0.67 3.75 5.1 
Time of rum, 20i0.....-.....<... 270 76 300 
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one formed in the presence of a strong antifoaming 
agent. Collection of cells was not affected by water 
dilution or the addition of approximately 1.0 to 1.5 per 
cent of methycellulose, casein, Tween 80,' Triton,® 
Roceal,® sodium lauryl sulfate, tannic acid, formalde- 
hyde, gum tragacanth, pectin, Cerophyl,’ lecithin, 
rosin, or N-dodecy]-8-alanine. Some of these materials 
gave bulk to the foam produced but did not result in the 
removal of cells in the foaming process. 

When the culture of B. suis was autoclaved at 15 
psig for 15 min before processing, microscopic observa- 
tion confirmed that dead cells were readily transported 
by the foam. 

Smooth, rough, or mucoid types of B. suzs differ in 
respect to the capsular material which surround the 


cells. The rough type generally is easily agglutinated by" 


agents other than antibodies and is believed to be 
more hydrophobic than the smooth type. The results 
of collecting these types by foam is presented in table 8. 

Cells of the smooth strain were not collected by the 
foam, whereas cells of the mucoid or rough type were 
collected with fair efficiency. 

Concentration of Pasteurella tularensis by flotation. 
Our efforts failed to concentrate viable cells of P. tula- 
rensis by froth flotation of cultures produced in casein 
hydrolyzate medium. Several trials were made at air flow 
rates of either 100 or 1200 ml per min and continued 
for as long as 350 min. An average of only 20 per cent 
of the cells remained viable at the conclusion of the 
foaming, and the concentration factor of cells in the 
collected material averaged 1.87. 


DISCUSSION 


The spore-carrying capacity of foam seems to be re- 
lated to type of foam produced. During the initial treat- 
ment of a culture, a fairly stable foam composed of fine, 
small bubbles with a lacelike appearance is produced. 
As surface active materials are removed, bubble sizes 
gradually become larger, and the foam may appear 
milky due to adsorbed cells. A faster rate of air flow than 
the initial one is required to maintain production. The 
final stage requires relatively large volumes of air and 
develops bubbles that rise singly, stretching completely 
across the broadest chambers employed, and tend to 
break before leaving the foam chamber. When the 
rate of air flow is increased too rapidly, a wet-appearing 
foam composed of smaller bubbles is produced. Those 
foams which had not broken by the time they entered 
the collection chamber could be dispersed by a slight 
shaking of the collection flask. It seems probable that 
the progressive removal of surface-active materials 
necessitates an increased rate of air flow to maintain a 


* Atlas Powder Co., Wilmington, Delaware. 

5 Rohm and Haas Co., Chicago, Illinois. 

§ Blaird and McGuire Corp., Holbrook, Massachusetts. 
7 Cerophy! Laboraties Inc., Kansas City, Missouri. 


constant foam head. A decrease in the relative number 
of collisions between cells and bubbles as spores or 
cells are removed also may contribute to decreased 
collection and stability of the foam. In experiments re- 
ported here, processing was conducted as an art, never- 
theless, it is believed that by the use of foam probes 
and conductivity measurements of the foam more exact 
and predictable control of the process could be readily 
developed. 

Where autolysis of sporogenic strains was more than 
75 per cent complete prior to processing, practically all 
the spores could be accounted for. This was not true 
for incompletely autolyzed cultures. Of the vegetative 
species foamed, quantitative recoveries were obtained 
only with S. marcescens. The results obtained with P. 
tularensis wherein only 20 per cent of the cells remained 
viable suggest that the foam process may inactivate 
sensitive cells. 

Whether or not a cell is carried by foam seems to de- 
pend upon the nature of the cell surface. Certain genetic 
variants and autoclaved cells, or solvent dried spores 
resuspended in liquor, collect readily in foam, whereas 
variants of some species and vegetative or unautolyzed 
cells of B. anthracis did not. It is concluded that cells 
with a relatively hydrophobic surface are carried by 
foam. Presumably the hydrophobicity of the cell sur- 
face can be modified by chemical and physical treat- 
ments, but those tried in this work had little effect. The 
technique of flotation opens another approach to de- 
termining the composition, charge, and molecular 
orientation of cell surfaces. 

The selective nature of the flotation process should be 
emphasized as it appears to furnish much cleaner spore 
lots from the morphological standpoint than does 
centrifugation. To obtain clean batches of spores, it is 
reasonable to presume that flotation, centrifugation 
and precipitation by gels (Hodge and Metcalfe, 1958) 
should be combined. Relatively clean spore concen- 
trates should be of interest for studies on physiology 
and antigenicity, and for the production of vaccines. 
Other applications of flotation to biology are less ob- 
vious, but the technique may have application in the 
separation of ether-soluble constituents of cultures. 
The observation of Mudd and Mudd (1924) that cer- 
tain cells will collect at an oil-water interface might be 
extended to develop an oil-water-air flotation system 
with new applications in both types and kinds of 
products collectable and selectivity of collection. 

The flotation phenomena may explain losses of cells 
or of products due to air flow rate plus inadequate foam 
control during the final stages of aerobic fermentation. 
Even if foam is partially controlled, cells in the foam 
layer may collect on the walls of the vessel, thereby 
being lost unless the walls are deliberately washed 
down. 
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SUMMARY 


A selective method of removing and/or concentrating 
bacterial spores and vegetative cells from the culture 
growth medium by foam flotation is described. Foam- 
ing chambers were made of simple glass cylinders 
equipped with spargers. 

In collecting spores of Bacillus anthracis, well auto- 
lyzed cultures were essential but cultures with high 
spore counts were not required. Coarse spargers were 
more effective than fine or medium spargers. Head 
space within the limits tested was not important, al- 
though concentration of spores was directly related to 
chamber diameter. Concentration of spores to 40 
billion per ml was obtained provided a rate of air flow 
was maintained that kept a dry, carrying-type foam. 
The volume of air needed depended on the pore size of 
the sparger and concentration of spores desired. 

Spores from autolyzed cultures of Bacillus subtilis 
var. niger and cells of Serratia marcescens were collected 
more effectively with fine rather than with coarser 
spargers, although the same percentage of cells even- 
tually were collected by either sparger. Relatively low 
rates of air flow were used, and the cells were collected 
in a small volume. 

Cells of a smooth strain of Brucella suis were not 
collected in foam under a variety of conditions, whereas, 
rough or mucoid type cells could be collected with 
moderate efficiency. 

Cells of Pasteurella tularensis did not collect in foam 
under the conditions of our experiments. 
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The many differential media designed for the clinical 
microbiologist have reflected his interest in the delinea- 
tion of a wide variety of genera within the enteric 
group of organisms. The traditional differential tube 
media, Russell double sugar agar, Krumweide triple 
sugar agar, Kligler iron agar, and triple sugar iron agar 
(Hajna, 1945), have been invaluable aids in the prompt 
establishment of the biochemical patterns which are 
of generic significance in the identification of Entero- 
bacteriaceae. These media were created especially for 
versatility in order to secure the widest applicability. 
In the laboratory of the food analyst, the greater em- 
phasis placed specifically on the detection and enumera- 
tion of members of the genus Salmonella imposes a re- 
quirement for a medium designed to facilitate that 
technique. In previous papers, the limitations of the 
enrichment broths (Silliker and Taylor, 1958) and the 
capabilities of differential plating media (Taylor et al., 
1958) have been demonstrated and discussed. The need 
for a simplified test for confirmation of presumptively 
positive colonies of Salmonella on brillant green agar 
plates became increasingly apparent as these works 
progressed. The tubed differential media used were of 
limited value because of the multiplicity of enteric or- 
ganisms capable of producing reactions identical to the 
salmonellae. This, in turn, necessitated the use of many 
additional biochemical tests, such as several carbohy- 
drate fermentations, indole and urease tests. An in- 
vestigation to reduce the time and labor involved in 
biochemical confirmation of suspect salmonellae cul- 
minated in the differential medium herein described. 


MATERIALS AND METHODS 


Dulcitol lactose iron agar (DLI) is a medium designed 
to differentiate between the genus Salmonella and other 
enteric genera. In its most effective form, it is a double- 
poured medium having slant and butt of different com- 
position. It is designed to disclose the fermentation of 
lactose and dulcitol and the production of hydrogen 
sulfide. The directions given will make 2 L of the com- 
pleted medium. 
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Solution A (slant): 


Phenol red agar base (Difco!/ BBL?) 30 g 
Lactose, CP 10 ¢g 
Ferrous ammonium sulfate 0.2 g 
Sodium thiosulfate 0.2 g 
Water, distilled 1 L 
Solution B (butt): 
Phenol red agar base 30 g 
Water, distilled 


Solutions A and B are brought to a rolling boil in 
separate containers, autoclaved for 20 min at 15 lb pres- 
sure, and cooled to 55 C. A Seitz-filtered 10 per cent 
solution of dulcitol, CP, is added to solution B in the 
amount of 20 ml per L (0.2 per cent). If there is a notice- 
able color change after the addition of the carbohy- 
drate, restore the pH to about 7.4 with a few drops of 
1 n NaOH. Upon occasion when a relatively crude 
dulcitol was used in lieu of CP grade, there was some 
color change, albeit without gas production, after incu- 
bation with nondulcitol fermenting organisms. This is 
assumed to result from the fermentation of trace carbo- 
hydrate impurities which, when coupled with the range 
of the phenol red indicator, is sufficient to produce a 
slight acid reaction. The same dulcitol in bromcresol 
purple sugar broth (BCP) is used to verify the fer- 
mentation and has always been reliable. Crude dulcitol 
is now used in BCP broth and CP grade in the DLI 
slants. 

Solution B is dispensed aseptically in 15 by 125 mm 
screw-capped tubes in 2 to 3 ml amounts and allowed 
to solidify. Solution A is added in like amounts and 
slanted to form a tube half slant and half butt. Sterile 
separatory funnels are excellent for dispensing the 
solutions. 

The medium is inoculated by streaking and stabbing, 
incubated for 18 to 24 hr at 37 C, and the reactions 
read. 


1 Difeo Laboratories, Detroit, Michigan. 
2 Baltimore Biological Laboratories, Baltimore, Maryland. 
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REsUuLts AND Discussion 


When Kligler’s or triple sugar iron agar (TSI) slants 
are used for the presumptive detection of salmonellae, 
Proteus, Arizona, and Ballerup-Bethesda group or- 
ganisms produce reactions identical to those of the 
salmonellae, that is, alkaline slant, H2S blackening, and 
acid and gas in the butt. A search was initiated for a 
carbohydrate fermented exclusively by salmonellae 
which would supplement the primary differentiation 
afforded by lactose. No such carbohydrate was found, 
but dulcitol was observed to approach this ideal most 
closely. The obvious advantages secured by the inclu- 


TABLE 1 

Fermentation reactions of enteric groups 

Group* Lactose Dulcitol HeS Ninhydrin 
Ballerup-Bethesda........ x (+) + _ 
Escherichia............... + Vv (—) + 


* Nomenclature and most fermentation reactions shown, 
from Kauffmann, 1951. 

+ Key to reactions: — = negative; + = positive in one day; 
(+) = most strains positive, a few negative; (—) most strains 
negative, a few positive; X = delayed positives or negative; 
V = variable with serotype or strains. 
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sion of dulcitol in the medium are shown in table 1. 
Since neither the Proteus nor Arizona groups ferment 
dulcitol, these are easily distinguished from salmonellae 
which ferment it readily in 24 hr with but few excep- 
tions. Many organisms of the Ballerup-Bethesda group 
are able to ferment dulcitol, however, and these con- 
stitute the only false positives which occur in the use 
of the DLI medium. 

Separation of the salmonellae from the Ballerup- 
Bethesda groups is effected by use of the ninhydrin test. 
This is the only other biochemical reaction necessary to 
complete the confirmation of salmonellae short of anti- 
gen analysis. The ninhydrin test (Carlquist, 1956) is 
used with one change in technique: no centrifugation 
is used, 5 to 10 min of standing effecting suitable separa- 
tion of the chloroform layer. Salmonellae are ninhydrin 
positive; Ballerup-Bethesda group organisms are not 
(table 1). 

When H.S producing organisms are incubated on TSI 
or Kligler’s iron agar slants, the fermentation of the 
glucose in the butt is often obscured by excessive 
blackening. This is of relatively small importance be- 
cause all such organisms are glucose fermenters and 
the assumption is that a positive butt has been ob- 
scured. The significance of dulcitol fermentation as a 
differential reaction makes it imperative that the result 
be observed. The omission of the sulfide indicator would 
lose a valuable diagnostic characteristic. On the other 
hand, early trials with the medium produced equiv- 


DUICITOL LACTOSE IROW 
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Figure 1. A comparison of the biochemical reactions of closely related enteric organisms on Kligler’s iron agar and dulcitol lactose 


iron agar slants. 
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ocal results because many organisms, especially pro- 
tei, blackened all but the uppermost portion of the 
slant. The amount of the indicator was reduced with 
no appreciable improvement in the medium. Different 
compositions for butt and slant portions of the medium 
were used in order to limit the blackening reaction. 
Since separate pouring would be used, there was no 
need to mix the carbohydrates, so amounts of dulcitol 
and lactose to be used were determined by trial. The 
final formula evolved is one in which the dulcitol is 
confined to the butt in such a concentration that 
fermentation reactions are unequivocal. The medium 
is stable and it is not normally kept refrigerated but al- 
lowed to stand at room temperature. Under these con- 
ditions, there has been no noticeable migration on the 
indicator or carbohydrates and exceedingly crisp and 
clear-cut reactions characterize the medium. For pur- 
poses of comparison, duplicate cultures of organisms 
were used to inoculate Kligler’s iron agar and DLI. The 
total blackening of the butt of the Kligler’s may be ob- 
served in contrast to the distinctive separation of fer- 
mentation reactions shown by the DLI. All of the 
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Figure 2. The characteristic reactions of enteric organisms 
on dulcitol lactose iron agar slants. 


organisms except Escherichia freundii were identical in 
appearance on Kligler’s; on DLI, EZ. freundii differed 
from Salmonella and Ballerup by having a yellow slant, 
the latter differed from Proteus and Arizona by having 
yellow fractured (acid and gas) butts (figure 1). A 
schematized presentation of the correlation of typical 
reactions to commonly encountered organisms from 
enrichment broths is shown in figure 2. The typical 
coliform and E. freundii reactions should, of course, be 
screened out of contention by their appearance on bril- 
liant green agar plates or other such differential plating 
media but, unfortunately, they will occasionally show 
as lactose-negative or doubtful colonies when first iso- 
lated because of initially delayed fermentation reactions. 

In use, the medium has proved itself both valid and 
reliable. In the course of more than 150 isolations of 
naturally occurring salmonellae, more than 95 per cent 
of these organisms have produced the characteristic 
appearance of red slant, yellow fractured butt, and 
black-banded middle. The only exceptions have been 
one dulcitol negative S. worthington, and a few H.S- 
negative strains of various serotypes. 

The need for a single medium, DLI, to replace two 
media such as Kligler’s and dulcitol broth is best under- 
stood from the viewpoint of the requirements of Sal- 
monella enumeration by the most probable number 
(MPN) method, discussed in a previous paper of this 
series (Silliker and Taylor, 1958). By this method, in a 
9 tube MPN determination, for example, 3 dilutions of 
sample would be used to inoculate triplicate enrichment 
broths and thence streaked to brilliant green agar 
plates. From these 9 plates a statistically valid number 
of Salmonella, suspect colonies, usually from 3 to 8 per 
plate, must be picked for identification as salmonellae 
in order to determine the population density. This 
could amount to 72 cultures per sample, and many 
samples require more than a 9 tube determination. If 
one were to use the two media mentioned in place of 
DLI, it would obviously entail twice the storage space 
for the tubed media, two inoculations per culture, 
twice the incubator space, two readings of reactions, 
and twice the amount of glassware to disinfect, handle 
and wash. Under these circumstances the reduction 
from two media to one has been amply justified in our 
experience. 


SUMMARY 


A new differential tube medium, dulcitol lactose iron 
agar, which facilitates the biochemical separation of 
genus Salmonella from other commonly encountered 
enteric organisms, is presented. 

The marked superiority of dulcitol lactose iron agar 
medium over Kligler iron agar and triple sugar iron 
agar slants is demonstrated to result from use of a car- 
bohydrate less frequently fermented by nonsalmonellae 
than glucose, and from the method of construction in 
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which the butt reaction is never obscured by excessive 
H.S formation. 

The only nonsalmonellae which produce the char- 
acteristic salmonella reactions on dulcitol lactose iron 
agar are Ballerup-Bethesda paracolons which may be 
differentiated by the ninhydrin test. 
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The germicidal action of chlorine and chlorine-yielding 
compounds has been studied by a number of investi- 
gators. However, two important variables were not 
considered: the effect of pH changes and the distinction 
between free available, combined available, and com- 
bined chlorine. 

Studies conducted by Tilley and Chapin (1930) on 
anthrax spores indicated that nitrogen trichloride, 
chlorine in neutral solutions, and chlorine plus n/50 
HCl were effective in 15 min with available chlorine 
concentrations of 10 mg per L or more. In a more re- 
cent study (Fair et al., 1947), titratable free chlorine 
residuals of 1 and 3 mg per L produced a 99.95 per cent 
kill of Bacillus anthracis spores at pH 5.0 and 25 C in 
60 and 30 min, respectively. Based on the amount of 
hypochlorous acid present, Moore (1951) stated that 
3 mg per L produced 100 per cent kill of B. anthracis 
spores in 30 min at 25 C. 

This investigation was undertaken to determine the 
effects of free available chlorine, hereinafter referred 
to as FAC, upon the spores of Bacillus globigit (Bacillus 
subtilis morphotype globigii) and Bacillus anthracis 
under the following conditions: (1) hydrogen-ion con- 
centrations of 6.2, 7.2, 8.6, and 10.5; (2) exposure tem- 
peratures of 4 and 22 C; and (3) exposure periods of 2 
and 48 hr. The results obtained should provide practical 
information on water treatment plant operation in 
times of disaster. 


1 This work was performed under contract with the Depart- 
ment of the Navy, Bureau of Yards and Docks. 


MATERIALS AND METHODS 


Test cultures. Bacillus anthracis no. 811 and Bacillus 
globigii no. 102 were obtained from The Ohio State 
University. 

Development of media. In initial studies with spore- 
forming microorganisms, media which would induce 
rapid germination during incubation at 35 C were 
tested. Nutrient agar plus 0.5 per cent yeast extract 
and 0.3 per cent sodium citrate seemed to be most 
suitable for B. globigii spores. Tryptose agar plus 0.2 
per cent liver extract proved to be adequate for B. 
anthracis spores. 

Studies were also made to determine the medium 
which would attain maximum sporulation of the test 
organisms under specified conditions. A mineral medium 
containing 0.1 per cent Casamino acids, 0.25 per cent 
glucose, 0.5 per cent yeast extract, 0.01 per cent man- 
ganese sulfate, 0.0001 per cent ferrous sulfate, and 3 
per cent agar, adjusted to pH 6.8 with sodium hy- 
droxide, provided the greatest number of mature 
viable spores. 

Vegetative cell autolysis. The presence of vegetative 
cells in spore suspensions might lead to endogeneous 
respiration, resulting in the germination of spores during 
FAC evaluations. Germination of the spore suspensions 
under the conditions of the investigation could result in 
spurious observations. Autolysis obtained by a com- 
bination of heat shock plus incubation at 45 C, for 24 
hr, proved to be the most efficient method for destroy- 
ing vegetative cells. 
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Growth and purification. The test organisms were har- 
vested from growth on bottle slants, washed, filtered, 
and incubated at 45 C for 24 hr. The suspensions were 
then centrifuged and heat shocked; B. globigii at 82 C 
for 10 min and B. anthracis at 65 C for 5 min. The spore 
suspensions were washed 5 times, followed by storage 
at 4 C until needed. 

Glassware and reagents. Chambers’ (1956) procedure 
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for treating glassware was used throughout the investi- 
gation. Buffer systems which were not toxic to the test 
spore suspensions were prepared according to Standard 
Methods for the Examination of Water and Sewage, 
(APHA, 1946). All hydrogen-ion determinations were 
made electrometrically. Sodium thiosulfate (0.016 N) 
was used to neutralize FAC. 

Chlorine determinations. The measurements of FAC 


TABLE 1 
Inactivation of spore suspensions during short periods of contact with chlorine 


Number of Spores (per m!) At 


Temp pH F | | Per Cent Killed At 
| | 0 Hr | 1 Hr | 2 Hr | 1 Hr 2 Hr | Kill 
Cc | | mg/L | | | | hr 
| | | Bacillus globigii | | 
4 | 6.2 | 6.46.3 68,000 540 <1.0 99.20 | >99.99 | 1.43 
| 72 | 9.29.1 100,000 350 2.0 99.66 >99.99 1.33 
8.6 85.6-84.4 110,000 560 <1.0 99.48 >99.99 1.50 
410-408 93,000 88,000 49,000 5.40 47.50 | —* 
22 | 6.2 1.9-1.8 | 110,000 330 <1.0 99.70 | >99.99 | 1.52 
| 7.2 | 2.6-2.5 110,000 350 <1.0 99.68 | >99.99 | 1.37 
| 8.6 | 24.8-23.8 | 120,000 730 3.0 99.36 >99.99 1.50 
| 10.5 454 | 120,000 30,000 22.0 75.67 | 99.98 2.11 
| Bacillus anthracis | | 
4 | 6.2 7.2-7.1 92,000 | 0.66 0.0 >99.99 100.00 | 0.48 
| 72 9.39.2 88,000 3.70 <1.0 >99.99 >99.99 | 0.83 
| 8.6 | 92.3-91.3 130,000 5.00 0.0 >99.99 100.00 O08 
| 10.5 | 402-400 130,000 64,000 15.40 50.80 —* 
| 110,000 | 1.00 0.0 >99.99 | 100.00 0.60 
| 7.2 2.4-2.3 110,000 | 1.00 0.0 >99.99 100.00 0.82 
| 8.6 224.423.4110, 000 | 150 <1.0 99.86 >99.99 1.28 
| 10.5 445-443 110,000 29,000 26.0 74.41 99.98 2.17 


* Not determined due to questionable extrapolation to durations greater than the 2-hr limit observed experimentally. 


TABLE 2 
Inactivation of spore suspensions during long periods of contact with chlorine 
ees | “i Free Available | Numb r of Spores (per ml) At | Per Cent Killed At | Tee 
| | OHr | w2Hr | | 48Hr | | | «Hr | Per Cathe 
| 
Bacillus globigii | | 
4 6.2 0.64-0.58 99,000 | 350 | 2 2 99.70 | >99.99 >99.99 | 16 
| 72 0.73-0.54 120,000 | 960 3 <i 99.20 | >99.99 >99.99 | 18 
| 8.6 5.6-5.5 97 ,000 | 25,000 | 250 2 74.00 | 99.70 >99.99 | 34 
| 10.5 46.0-45.0 93,000 | 93,000 | 4,400 <1 00.00 | 95.00  >99.99 | 41 
22 | 6.2 0.24-0.11 110,000 | 280 | <A <i 99.70 >99.99 | >99.99 17 
| 7.2 0.34-0.15 91,000 | 240 | <i <1 | 99.70 | >99.99 | >99.99 | 18 
8.6 2.3-1.8 93,000 300 2 99.70 >99 .99 >99.99 | 19 
10.5 23 .1-21.9 99,000 2,200 | 2 97 .00 >99.99 | >99.99 22 
Bacillus anthracis | 
4 6.2 0.65-0.60 110,000 1 >99 .99 >99.99 | >99.99 6 
| | 0.74-0.68 140,000 | 2 <1 >99 .99 >99.99 | >99.99 11 
4.8-4.7 130,000 | 180 | <i 99.86 >99.99  >99.99 | 18 
10.5 | 48.0-46.0 110,000 | 52,000 2,200 | <A 53.00 98.00  >99.99 | 37 
22 6.2 | 0.20-0.12 110,000 | <1 >99.99 $99.99 >99.99 | 8 
7.2 | 0.33-0.19 | 120,000 2 2 <1 | >99.99 >99.99 | >99.99 7 
$6 | 2.41.7 110,000 | 11 4 <1 | 99.99 | >99.99 | >99.99 | 12 
10.5 | 20.0-18.4 140,000 | 17,000 <i | <@ | 88.00 | >99.99 | >99.99 | 20 
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and combined available chlorine were made using the 
Orthotolidine-Arsenite (OTA) method (APHA, 1946). 
The optical density was measured at 435 uy in a spectro- 
photometer, calibrated previously with chlorine solu- 
tions of known concentrations. In determinations of 
FAC concentrations higher than 20 mg per L, the 
Starch-Iodometric method (APHA, 1946) was more 
applicable. 

Preparation of chlorine-demand-free-water. Test and 
dilution waters were prepared according to Megregian 
(1948) with one exception—dechlorination was at- 
tained by use of direct sunlight or sunlamps. 

Experimental procedure. Buffered test waters were 
placed in sterile Erlenmeyer flasks and brought to the 
desired test temperature. FAC and B. globigii or B. 
anthracis spores were added to various control and 
test flasks and sampled at specified periods of exposure. 
Plate counts, based upon triplicate platings, were made 
at the end of 48 to 72 hr and all surviving organisms 
were confirmed either by transfer to tyrosine agar 
slants or by mouse assay. 


RESULTs AND Discussion 


Results indicating the per cent inactivation for both 
test spores during exposure periods of 2 and 48 hr, under 
varying conditions of pH and temperature, are shown 
in tables 1 and 2. At all pH ranges and temperatures 
investigated, B. globigii spores appeared to be more re- 
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Figure 1. Effect of temperature upon free available chlorine 
required to produce a 99.99 per cent kill of Bacillus globigii 
spores in 24 hr at varying pH. 
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Figure 2. Comparison of free available chlorine required for 
99.99 per cent kill of Bacillus globigii and Bacillus anthracis 
spores in 12 hr at 22 C with varying pH. 
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sistant to the action of FAC than B. anthracis spores, 
with the exception of pH 10.5 where the spore resist- 
ance of both species appeared to be equal. 

Effect of temperature. To achieve a 99.99 per cent kill 
of the test spores over a 2-hr exposure period at 4 C, it 
was necessary to increase the amount of FAC by at 
least threefold over that at 22 C. 

Figure 1 illustrates the influence of temperature on 
the concentration of FAC required to obtain a 99.99 
per cent kill of B. globigii spores in 24 hr at the pH 
ranges studied. At higher pH levels, the temperature 
effect was relatively greater than at the lower pH levels. 

Effect of pH. Marked differences in the concentration 
of FAC required to effect a 99.99 per cent kill at various 
pH levels were demonstrated. As the pH level increased 
from 6.2 to 10.5, increased amounts of FAC were re- 
quired to inactivate the spores. 

Data on the influence of varying hydrogen-ion con- 
centrations are shown in figure 2. At lower pH levels, 
B. globigii spores were markedly more resistant to FAC 
than spores of B. anthracis. As the pH level increased, 
the relative resistance of the test spores approached 
unity. 

Effect of time exposure. Figure 3 shows typical survival 
versus exposure time curves for B. globigii. Similar 
curves were obtained in exposures of B. anthracis spores. 
The time lag, before the effect of the FAC on spores 
became apparent, was observed at all temperatures 
and pH levels, but was less pronounced with B. anthracis 
than with B. globigii spores. This apparent lag phase 
was also observed by Levine (1952) in his studies con- 
cerning the chlorination of B. metiens spores. Figure 3 
indicates that the theory of treating the disinfection 
process as a first-order reaction (Chick’s Law) is not 
justified in this case. 

In all of these tests there was some decrease in the 
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Figure 3. Typical survival curves for Bacillus globigii spores 
at pH 7.2 and 22 C with varying free available chlorine con- 
centrations. 
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initial FAC concentrations during the total exposure 
period. Although some of the graphs may indicate that 
low concentrations of FAC produced a 99.99 per cent 
kill at the end of 24 or 48 hr, the higher initial FAC 
concentrations were probably responsible for most of 
the germicidal action. Figures 4 and 5 indicate the 
exposure times which were required to inactivate 99.99 
per cent of B. globigii and B. anthracis spores at 4 and 
22 C, using varying amounts of FAC. 

Figure 4 shows that at all pH levels almost 4 times 
as much exposure was required to produce a 99.99 per 
cent kill of the B. globigii spores at 4 C as compared 
with 22 C. B. anthracis required 3 times as much ex- 
posure under similar conditions at 4 C as that at 22 C 
(figure 5). 

In figures 4 and 5 inclusive, the lines have slopes 
near to unity. Thus in the formula: 


Ct = K (1) 


where C is the FAC concentration, ¢ is the exposure 
time required for a 99.99 per cent kill; K is a constant 
for a given organism, pH and temperature; and the ex- 
ponent n is approximately 1 for both test organisms. 

Effect of hypochlorous acid concentration. The reaction 
between chlorine and water can be represented as 
follows: 


Cl, + H.0 @ HOC! + HCl (2) 
HOC] = H* + OCI- (3) 
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Figure 4. Available chlorine vs. time for 99.99 per cent kill 
of Bacillus globigii spores at varying pH and temperature. 
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Figure §. Available chlorine vs. time for 99.99 per cent kill of 
Bacillus anthracis spores at varying pH and temperature. 


Hypochlorous acid has an ionization constant of 
about 3.5 X 10-° at 22 C and 2.2 XK 10° at 4 C (Fair 
et al., 1947). Thus at pH levels below neutrality, the 
bulk of the hypochlorous acid is in the un-ionized form 
and at higher pH levels it is largely ionized. The bac- 
tericidal effectiveness of HOCI is much greater than 
that of the OCI ion. Their relative effectiveness in 
killing spores is of the order of 100 to 1. 

Figures 6 and 7 show the concentrations of HOC! re- 
quired for a 99.99 per cent kill of B. globigii and B. 
anthracis spores at 4 and 22 C, for various contact times. 
HOCI concentrations are computed from the observed 
FAC concentrations using the ionization constants 
mentioned previously. The effect of pH is largely 
eliminated by this transformation, and the data at pH 
6.2, 7.2, and 8.6 can be represented by straight lines. As 
in figures 4 and 5, the lines are nearly parallel for both 
test organisms and both temperatures. The slope of 
the lines is approximately 1.1. 

Thus the data are well represented by equation 1, 
where C is the concentration of HOC! in mg per L re- 
quired for a 99.99 per cent kill; ¢ is the time in hr; n is 
1.1; and K is 3 and 14 for B. globigii at 22 and 4 C, 
respectively, and 1.4 and 6.2 for B. anthracis at 22 and 
4 C, respectively. 
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Figure 6. HOCI vs. time for 99.99 per cent kill of Bacillus 
globigit spores at 4 C and 22 C. 
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Figure 7. HOCI vs. time for 99.99 per cent kill of Bacillus 
anthracis spores at 4 C and 22 C. 
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The formula would not apply beyond the range of 
the data on which it is based and would not be applica- 
ble for times less than 1 hr. It would give conservatively 
high estimates of times and concentrations required 
at high pH levels since it neglects the effect of the OCI- 
ion. 

This investigation, in general, seems to indicate that 
chlorination of water supplies should be carried out at 
pH levels of 7.0 or less in order to effectively inactivate 
bacterial spores within reasonable lengths of time and 
at practicable FAC concentrations. Spores seem to be 
the most resistant bacteriological entity to the action 
of FAC. As pH increases above 7, the concentration of 
FAC required for inactivation of spores increases 
greatly. Adjustment of pH with acid or acid salts 
would be more economical than providing the necessary 
FAC, unless very long contact times were available. 

If B. globigit can be considered a satisfactory “index 
organism,” the amount of FAC required to inactivate 
these spores under defined conditions should likewise 
inactivate similar numbers of spores of other species of 
the genus. As waters approach pH levels in excess of 8.6 
in plants employing lime-soda processes for softening, 
they reach a level where the resistance of B. globigii 
and B. anthracis spores to FAC approaches equality. 
Adjustment of the hydrogen-ion concentration would 
provide a greater margin of safety. 


SUMMARY 


Spores of Bacillus globigii (Bacillus subtilis morpho- 
type globigit) and Bacillus anthracis were exposed to 
sporicidal free available chlorine (FAC) during contact 
periods of 2 and 48 hr, at hydrogen-ion concentrations 
of 6.2, 7.2, 8.6, and 10.5. As the pH level increased 
from 6.2 to 10.5 at 22 C, the amount of FAC required 
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to produce a 99.99 per cent kill of B. globigii spores in 
90 min increased from 1.9 mg per L to more than 450 
mg per L. When the exposure time was increased from 
2 to 48 hr, the concentrations of FAC required to pro- 
duce a 99.99 per cent kill of the spore suspensions were 
decreased. Three to four times as much FAC was re- 
quired to produce 99.99 per cent kill of the spore suspen- 
sions at 4 C as at 22 C when other environmental condi- 
tions were held constant. FAC was much more sporicidal 
for B. anthracis spores than for B. globigit spores, except 
at pH levels higher than 9.5. 

When the amount of FAC used in these observations 
was expressed in terms of hypochlorous acid, it was 
found that approximately the same concentration of 
HOCI was required at all pH levels at 22 C to achieve 
a 99.99 per cent kill. 
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Previous work has shown that chlortetracycline is 
effective against resistant strains of Proteus and Pseudo- 
monas in beef whereas the antibiotic is ineffective at the 
same concentration against these same organisms in 
complete nutrient media (Jay et al., 1956). The inhibi- 
tion of these organisms by this antibiotic has also been 
demonstrated in 0.5 per cent proteose-peptone broth 
incubated at 30 C (Jay et al., 1957a). In addition to 
chlortetracycline, oxytetracycline and_ tetracycline 
have been shown to act in a similar manner whereas 
chloramphenicol, penicillin G, and streptomycin lacked 
this property (Jay et al., 1957b). 

In explanation of this phenomenon, the hypothesis 
was advanced that the tetracycline antibiotics were 
able to compete with the organisms for essential ions or 
other nutrients in beef and in the proteose-peptone 
medium, since it has been shown that the tetracyclines 
can act as chelating agents and disturb the ionic bal- 
ance (Albert, 1953; Weinberg, 1957). This hypothesis 
is supported by the observations that the inhibition of 
a resistant strain of Proteus vulgaris in beef was re- 
versed by the addition of Mnt+ (Jay et al., 1956), 
WO;-, MoO,-, Mgt+, Ca++, borate, silicate, Sr**, and 
Bat** (Jay et al., 1957a). 

This report deals with further studies on this phe- 
nomenon. The effectiveness of chlortetracycline in 
cooked beef and in water extracts of beef was investi- 
gated. A comparison has been made between its 
effectiveness and that of certain other antibiotics 
against antibiotic-resistant Proteus in beef extracts. 


EXPERIMENTAL METHODS 


Beef was taken from freshly killed animals within 3 
hr postmortem by a technique previously described 
(Jay et al., 1956). Samples weighing 20 g were removed 
aseptically, placed in sterile 100 ml beakers, and stored 
in the deep freeze until needed. The samples were 
blended after thawing with double-distilled water at a 


' Published with the approval of the Associate Director, The 
Ohio Agricultural Experiment Station as Journal Article No. 
81-57. 

> Presented in part at 132nd national meeting of the Ameri- 
can Chemical Society, New York, September, 1957. 

* Present address: Southern University, Baton Rouge, 
Louisiana. 
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ratio of water to meat of 4:1 in a Waring Blendor that 
was cleaned well with Haemo-sol and rinsed 5 times in 
distilled water. After blending for 60 see or less, the 
homogenate was strained through fourfold no. 80 
cheesecloth. Ten ml portions of the extract were used for 
each sample. 

The antibiotic was made up in double-distilled water 
at a concentration so that 0.1 ml when added to the 
extract would give 5 ppm. The organism was diluted in 
phosphate-buffered distilled water, pH 7.2, so that 0.2 
ml would give the desired number of cells per ml. The 
number of cells was always determined by a plate count 
using heart infusion agar (Difco). 

In the cooked meat experiments, a sizeable cut of 
beef (5 to 6 pounds) was obtained and divided into two 
portions. From one of the raw portions, 20 g samples 
were removed and placed into sterile beakers. The other 
portion was roasted from 70 to 90 min (depending upon 
size) at 375 F in a Westinghouse portable roaster. After 
cooling, samples equal in weight to the raw ones were 
similarly removed. All were treated as already described 
from this point on (Jay et al., 1956, 1957a, b). 

All glassware used in these experiments was treated 
as described for the Waring Blendor above. 

Each set of data as given represents a single experi- 
ment. Instead of averaging two or more experiments, 
data from at least two typical experiments are given 
(for example, table 1). The reason for this is twofold. 
First, the numbers of organisms inoculated were always 
determined by viable count and it was not always pos- 
sible to get exactly the same number of organisms under 
the same conditions from one experiment to the next. 
Second, it appears that a given organism will give a 
slightly different response in beef from different animals. 


RESULTS 


The minimal inhibitory concentration of chlortetra- 
cycline for the strains of Proteus vulgaris and Pseudo- 
monas aeruginosa used was 50 ppm when determined in 
tryptose phosphate broth. The minimal inhibitory 
concentration of streptomycin for P. vulgaris was also 
50 ppm. 

Each experiment was replicated 4 to 6 times using 
different meat samples and the data given below are 
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typical of the results obtained in the respective ex- 
periments. 

From the data in tables 1 and 2, it can be seen that 5 
and 10 ppm of chlortetracycline were totally ineffective 
against P. vulgaris in cooked beef. Also, P. aeruginosa 


TABLE 1 


Effect of chlortetracycline (CTC) upon the growth of Proteus 
vulgaris in raw and cooked beef 


Thousands of Organisms per g 


Sample A 
Raw control....| 75 200 160,000¢; 3,000,000T 
Raw, 5 ppm 
75 14 11 4,000 
Raw, 10 ppm 
75 8.5 15 300 


Cooked control.| 75 |10,000,000t | 50,000 ,000+| 75,000,000 
Cooked, 5 CTC.| 75 |10,000,000f | 85,000,000t) 70,000,000+ 
Cooked, 10 CTC | 75 |10,000,000f | 75,000,0007| 65,000,000t 
Sample B 


Raw control. ...| 50 24,000 60,000 360, 000t 
Raw, 5 ppm 

50 46 170 6, 
Raw, 10 ppm 

50 25 22 15 
Cooked control.| 50 |11,000,000 | 15,000,000 | 14,000,000 
Cooked, 5 CTC.| 50 |10,000,000 | 26,000,000 | 25,000,000 
Cooked, 10 CTC | 50 |10,000,000$ | 7,500,000 | 25,000,000 


* Inoculum. 
¢ Putrid odors. 
t Estimated numbers. 


TABLE 2 


Effect of chlortetracycline (CTC) upon the growth of Pseudomonas 
aeruginosa in raw and cooked beef 


Thousands of Organisms per g 


Raw control.............. 18 95 120 
Raw, 5 ppm CTC........ 18 10 8 
Cooked control........... 18 | 48,000,000¢ |10,000,000}-t 
Cooked, 5 CTC.......... 18 7,000,000t | 7,500,000t 
Cooked, 10 CTC......... 18 2,500,000 | 8,500,000 


* Inoculum. 
+ Putrid. 
Estimated number 


TABLE 3 


Effect of chlortetracycline (CTC) upon the growth of Pseudomonas 
aeruginosa in a water extract of beef (water to beef, 4:1) 


Thousands of Organisms per g 


o* | 1 2 3 

2.7 | 2,000 | 720,000 | 1,000,000 

* Inoculum. 


was not inhibited by these same concentrations in 
cooked meat as is shown in table 2. 

The typical pattern of growth of P. aeruginosa in a 
water extract of beef is shown in table 3. The 5 ppm 
chlortetracycline were very effective. The pattern of 
growth of P. vulgaris in a water extract is shown in table 
4. The low concentration of antibiotic was also very 
effective against this organism. 

In table 5, the action of chlortetracycline against 
P. vulgaris in water extracts that were heated at various 
temperatures is shown. Heating the extract at tempera- 


TABLE 4 


Effect of chlortetracycline (CTC) upon the growth of Proteus 
vulgaris in a 4:1 water extract of beef 


Thousands of Bacteria per g 


* Inoculum. 
TABLE 5 


Action of chlortetracycline (CTC) against Proteus vulgaris in 
water extracts of beef 


Thousands of Bacteria per g 
13 880 | 2,200 | 6,000 
5 ppm CTC (not heated)........ | <0.1 | <0:1| 
19 | 3,300 |13,000 | 20,000 
19 | 3,900 | 5,100 | 2,700 
13 | 5,300 | 3,100 | 1,400 
| IS | <0.1 | <O.1 | <0.1 
13 | 5,500 | 3,600 | 3,400 
ppm 13 | <0.1 | <0.1| <0.6 
19 | 7,400 | 6,800 | 6,500 
S ppm CPC: 19 3.3 | 2,100 | 13,000 
13 | 9,700 |17,000 | 18,000 
131 GC}, S ppm Crec.............. 13 120 | 4,000 | 27,000 
Infused}, 5 ppm CTC......... 17 | 3,100 | 9,500 == 
Infused{, 10 ppm CTC......... 17 56 | 6,000 = 
* Inoculum. 


+ Autoclaved for 15 min at this temperature. 

t These extracts were made from beef roasted for 70 min in ap 
electric oven at 190 C with an internal temperature at 85 C. 

Unless indicated, all heated extracts were held for 30 min. 


‘ 
| 
| 

| 


1958] INHIBITION IN BEEF OF CHLORTETRACYCLINE-RESISTANT BACTERIA 345 


tures of 50, 60, 70, 80, and 90 C for 1% hr prior to the 
addition of chlortetracycline had no apparent effect 
upon the activity of the antibiotic. 

The action of chlortetracycline against P. vulgaris in 
a saline (0.9 per cent) extract of beef is shown in table 6. 
The data are from two experiments conducted at differ- 
ent times using beef from two different animals. It can 
be seen that the antibiotic was not effective under these 
conditions. 

In table 7 it can be seen that streptomycin was 
totally ineffective at this low concentration whereas 
both chlortetracycline and tetracycline were effective 
in extracts of meat frozen shortly after slaughter. How- 
ever, tetracycline was much less effective than chlor- 
tetracycline in the extracts of aged beef. Chlortetracy- 


TABLE 6 


Action of chlortetracycline (CTC) against Proteus vulgaris in 
saline extracts of beef 


Thousands of Bacteria per g 
24 | 44,000 | 110,000 
| 20 48 ,000 100,000 


* Inoculum. 
+ Two different, typical experiments. 


TABLE 7 
Comparison of the effectiveness of chlortetracycline (CTC), 
tetracycline (TC), and streptomycin (SM) against Proteus 
vulgaris in water extracts of beef 


Thousands of Bacteria per g 
Extracts from fresh beef 
Extracts from aged beef 


* Inoculum. 

+ Minimum inhibitory concentration (MIC) of 25 ppm 
against this strain of P. vulgaris. 

t MIC of 50 ppm against this strain of P. vulgaris. 


cline itself appeared less effective in extracts of aged 
beef. These observations need further study before any 
conclusions are made. 


Discussion 


Chlortetracycline at concentrations as low as 3 to 5 
ppm will inhibit certain resistant strains of Proteus and 
almost all such strains of Pseudomonas in raw beef (Jay 
et al., 1956). However, these concentrations are totally 
ineffective against these same strains in cooked (roast) 
beef. The ineffectiveness of the antibiotic in cooked 
beef is probably due to a release in the meat of nutrient 
substances that become available to the bacteria. This 
is not improbable in view of the fact that heat denatura- 
tion brings about, among other things, an alteration of 
the specific internal structure of proteins wherein the 
closely folded peptide chains unfold (Haurowitz, 1950). 
Proteins combine with Ca*+, Mgt+, PO. ions and 
certain other substances to form linkages so stable that 
the ions are removed neither by dialysis nor by electro- 
phoresis (Haurowitz, 1950). Whether these newly re- 
leased or available substances are ions, amino acids, or 
other substances (as far as nutrition is concerned) is 
not certain. Tungstate, and presumably the other 
effective ions, will reverse the chlortetracycline inhibi- 
tion of P. vulgaris in the beef extract just as it will in the 
proteose-peptone medium and in raw beef. 

The low concentration of chlortetracycline is some- 
what more effective in water extracts of beef than in the 
whole beef. This might well be due to the fact that the 
extract does not contain all of the available nutrients 
that exist in beef. 

The fact that chlortetracycline is still effective in 
extracts heated to temperatures as high as 90 C shows 
that complement and properdin (if it exists in cattle) 
are not responsible for the increased effectiveness of 
the antibiotic. Complement is destroyed on heating at 
56 C for 14 hr. Properdin does not act in the absence of 
complement (Pillemer, 1956). 

During aging of beef, considerable changes take 
place in the interactions of cations and proteins (Ar- 
nold et al., 1956). Also, it has been shown that between 
temperatures of 40 to 70 C dynamic shifts of Nat, K+, 
Catt, and Mgt ions take place in beef (Wierbicki et al., 
1957). If these ions or other nutrients actually become 
available to the organisms in sufficient quantities and 
if the effectiveness of the antibiotic is due to the un- 
availability of nutrients in beef, there was the possi- 
bility that the organisms should grow in the presence of 
the antibiotic in beef extracts which were heated. This 
has not been the case (table 5). However, when beef 
was heated and then extracted, growth occurred. The 
difference in methods is a factor to be considered further. 
The minimal inhibitory concentration of the antibiotic 
as determined in the extract should also be used rather 
than a more-or-less arbitrary concentration like 5 ppm. 
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Most of the beef used in these studies was less than 
4 hr postmortem. Some samples of aged beef (8 to 10 
days postmortem 32 to 4 C) were extracted with dis- 
tilled water and found to be about the same as the 
fresh meat as far as chlortetracycline and streptomycin 
are concerned. 

Extracts of beef as prepared here would probably 
serve as a good screening method for determining 
whether various antibiotics could be used in retarding 
meat spoilage. The ineffectiveness of streptomycin and 
the effectiveness of chlortetracycline in the extract cor- 
responds to their action in whole beef. 

It is still not certain why chlortetracycline is more 
effective in raw beef than one would expect on the basis 
of sensitivity determinations. However, it does seem 
that this phenomenon is related to the nutritional 
property of beef for the bacteria. Efforts to elucidate 
more exactly the nature of the phenomena reported 
here are continuing. 


SUMMARY 


Whereas low concentrations of chlortetracycline are 
effective in raw beef against certain strains of Proteus 
vulgaris and Pseudomonas aeruginosa, the antibiotic 
was totally ineffective against these same organisms in 
cooked (roast) beef. The antibiotic was still effective in 
distilled water extracts of beef, but not in saline extracts. 
Heating the extracts for 30 min at room temperatures 
up to 90 C did not bring about the loss of the effective- 
ness of the antibiotic. Heating above 100 C did bring 
about a loss of the effectiveness. Previous data suggest 
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that these phenomena are related to the release of 

nutrient substances to the organisms in the form of 

anions and cations. Streptomycin was shown to be 
totally ineffective in water extracts just as it is in whole 
beef under the same conditions. 
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Escherichia coli has been suggested by several re- 
search workers as a more accurate indicator of fecal 
contamination than the more inclusive “coliform 
group.”’ Media and procedures for the enumeration of 
E. coli have been proposed by Eijkman (1904), Leiter 
(1929), Perry and Hajna (1933, 1944), Hajna and 
Perry (1939, 1943), Vaughn et al. (1951), and Levine 
et al. (1955). Some of these procedures apparently yield 
satisfactory results with certain samples of water, 
milk, or food products; however, there is no universal 
agreement as to their criteria of application and sig- 
nificance of results in water bacteriology. There are 
also uncertainties regarding the significance of E. coli 
when assayed by rapid tests as compared to the tradi- 
tional IMViC classification. 

This investigation was undertaken to determine the 
reactions of 12 IMViC types of coliform bacteria in EC 
medium after 24 hr incubation at 45 C. It is believed 
the resultant data will be of value in choosing the 
procedure and in the interpretation of test results for 
E. coli and the coliform group. 


MATERIALS AND METHODS 


The coliform group of bacteria for this investigation 
was defined as aerobie and facultative anaerobic gram- 
negative, nonsporeforming bacteria which fermented 
lactose with gas formation in 48 hr, or less, when incu- 
bated at 35 C (Standard Methods for the Examination 
of Water, Sewage, and Industrial Wastes. APHA, 1955a). 
All of the cultures were recently isolated from surface 
water samples obtained from various locations and 
with varying degrees of pollution (Clark et al., 1957). 
Procedures described as tentative methods in Standard 
Methods for the Examination of Water, Sewage, and 
Industrial Wastes (APHA, 1955b) were used for indole, 
methyl red, and Voges-Proskauer tests, and citrate 
agar of Simmons (1926) was used for the citrate test. 
The EC medium of Hajna and Perry (1943) was used 
as a confirmatory test for the various coliform bacteria. 
It was reconstituted from the dehydrated product, 
tubed with an inverted vial for the observation of gas 
production and sterilized in an autoclave at 121 C for 
15 min. 

Each culture of the coliform bacteria was examined 
for indole and acetyl methyl carbinol production, 


methyl red reaction, utilization of citrate, and gas 
formation in EC medium in 24 hr at 45.0 C in a constant 
temperature water bath. In reading the EC tubes, the 
presence of gas in any quantity was considered a posi- 
tive reaction and absence of gas (in 24 hr incubation) 
was a negative reaction. 

The procedure used in this study differed from the 
recommendations of Perry and Hajna (1944) in that 
they suggested air incubation at 45.5 C for 48 hr. 


RESULTS 


There were 5794 cultures of coliform bacteria from 
untreated surface water supplies of 14 treatment plants 
examined. Of the 1358 EF. coli included, 83.7 per cent 
showed positive EC reactions. When the £. coli strains 
are subdivided into varieties I and II (see table 1), the 
percentage of positive results were 92.7 and 21.8, respee- 
tively. The remaining 10 IMViC types yielded 7.8 per 
cent positive tests for 4436 cultures. The data summa- 


TABLE 1 


Reactions of common coliform IMViC types in EC 
medium at 45.0 C in 24 hr 


Commonly Designa ed Source* 
Fecal Nonfecal 
| Positive EC Positive EC 
No. reactions No. reactions 
cultures |———————_| cultures __———————- 
examined | Num- Per- | examined | Num-| Per- 
ber | centage ber | centage 
++-- 1184 1098 | 92.7 
= 174 38 | 21.8 

79 
++-—-—+ 425 52 | 12.2 
—-4++4+ 1686 | 179 | 10.6 
24 1 4.2 
= 237 8| 3.4 
485 16 | 3.3 
++++ 453 10| 2.2 
989 18; 1.8 

1358 1136 | 83.7 | 4436 | 348| 7.8 


* According to Standard Methods for the Examination of 
Water, Sewage, and Industrial Wastes (10th edition, 1955), page 
391, Table 22—Coliform Group—Reaction Classification. 
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rized in table 1 also show that type +++-— gave 
77.2 per cent positive reactions. 


Discussion 


With 92.7 per cent of the EZ. coli variety I (++—-—) 
showing positive EC reactions, there is relatively good 
agreement in the classification of this organism. How- 
ever, only 21.8 per cent of the so-called F. coli variety 
II (—+-—-—) reacted positively in EC medium, thus 
reducing the correlation for the two EF. coli varieties 
collectively to 83.7 per cent. The IMViC type +++ — 
comprised only a small part of the cultures studied, 
but showed 77.2 per cent positive EC tests. The reac- 
tions of F. coli variety II and of ++-+-— type to the 
EC test at 45 C suggest the need for further work to 
determine the fecal or nonfecal origin of these organ- 
isms. The latter appears to be more closely related to 
E. coli variety I on the basis of growth with production 
of gas at 45 C than does the indole negative variety II. 
These results are comparable to those reported by 
Clark et al. (1957), using a boric acid lactose broth 
reaction at 43 C. Both the boric acid lactose broth and 
EC procedures seem to have approximately the same 
capabilities in differentiating the coliform group. 

It is not the purpose of this study to establish the 
value of any single type of coliform bacteria as a sani- 
tary indicator of fecal pollution. However, the results 
as reported strongly suggest that added efforts should 
be made to locate sources of fecal pollution of waters 
containing EC positive coliforms. Because other bio- 
chemical characteristics may show better correlations 
with fecal or nonfecal origins of the coliform group, 
further consideration should be given to the use of 
other measurements in addition to the conventional 
IMViC reactions and growth at elevated temperatures. 


SUMMARY 


Coliform cultures of 12 IMViC types were incubated 
in EC medium in a water bath for 24 hr at 45.0 C 
(+0.3). Positive tests were recorded for 92.7 per cent 
of Escherichia coli variety I, 21.8 per cent of E. coli 
variety II, and 83.7 per cent when considered together 
as coliform bacteria commonly designated as of fecal 
origin. The nonfecal types of coliform cultures showed 


[VOL. 6 


7.8 per cent positive tests. A high percentage of 
+++ — strains grew at 45.0 C, suggesting a close 
relationship to the E. coli variety I. 

Sources of samples containing positive EC coliforms 
should be carefully inspected for possible fecal con- 
tamination. 


The EC broth procedure as described appears suitable 
for the rapid enumeration of Z. coli in the investigation 
of field problems and other kinds of control work. 
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Osmophilic yeasts have been studied largely with 
respect to their ability to grow in high concentrations 
of sugar but, until recently, very little attention has 
been paid to the kind and amount of products formed. 
Nickerson (1943) isolated a yeast from sour wine that 
he classified as Zygosaccharomyces acidifaciens and 
later, together with Carroll (Nickerson and Carroll, 
1945), studied the products formed. Besides ethyl 
aleohol and carbon dioxide, this yeast produced lactic 
acid, acetic acid, and high yields of glycerol (up to 22 
per cent of the sugar fermented). Spencer and asso- 
ciates (1956a, b; 1957a, b, c; Roxburgh et al., 1956) 
have investigated this and other species of Zygosac- 
charomyces specifically for production of glycerol. In 
addition to glycerol, they found p-arabitol, erythritol, 
mannitol, and two unidentified polyhydric alcohols. 
Some or all of these polyhydric alcohols were shown by 
paper chromatograms to be formed by known species 
of Zygosaccharomyces and from 79 new strains of yeast 
isolated from honey and other sources. One of these 
isolates, identified as Saccharomyces rouxii, was studied 
in detail with respect to factors favoring glycerol pro- 
duction (Spencer et al., 1957a, c). Yields of glycerol 
and p-arabitol, each equivalent to around 30 per cent 
of the glucose, were obtained in flasks and small fer- 
mentors. A urea-yeast extract (or corn steep) medium 
of low inorganic phosphate content, at 37 C tempera- 
ture, and with adequate aeration, promoted formation 
of the polyhydrie alcohols. Addition of inorganic phos- 
phate depressed the yield of these products. Maximum 
yields were obtained with 0.0017 m inorganic phosphate 
and a partial pressure of oxygen, around 400 mm of 
mercury. The use of oxygen in the fermentation and 
production of such large quantities of the rare alcohol, 
p-arabitol, are distinctive features of this work. 

As part of a broad program of glycerol production 
for Army Ordnance Corps during the last 6 years, it 
was decided to include a study of some representative 
osmophilic yeasts. It,is surprising how little information 
is available regarding the products formed by such 


* yeasts. Loddér and Kreger-van Rij (1952) describe 


! This investigation was conducted in cooperation with the 
U.S. Army Ordnance Department. 

* Maintained at Madison, Wisconsin, in cooperation with 
the University of Wisconsin. 
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many yeasts that can ferment high concentrations of 
sugar. The taxonomic and physiologic characteristics 
of these yeasts are described, but little is given by 
these authors or in other literature regarding their 
metabolic products. 


MATERIALS AND MeErHops 


Cultures. A variety of osmophilic yeasts from several 
sources was used in this study, the classifications of 
which are shown in column | of table 1. The numbering 
and classifications are those which were on the cultures 


TABLE 1 


Products and yields obtained in screening classified 
cultures of Zygosaccharomyces 


Le 2 
Eg P | cose* | hol to 
= > 
hr % % % % 
Z. acidifaciens 
Y-1011 96 |4.1 |5.0 | 4.8 |18.1 |3.3 | 9.9 (31.3 
Z. barkeri 
Y-12 144 |1.5 |15.0 |16.1 |4.0 |12.3 |32.4 
Y-222 72 15.0 |7.2 | 0.4 {14.1 |3.3 |46.9 |64.3 
Z. fermentati 
Y-1559 144 4.6 |2.4 | 0.5 |26.0 |0.0 | 2.7 |28.7 
Z. mandschuricus 
Y-54 144 /3.9 |9.1 | 0.4 |15.6 (0.0 |29.8 |45.4 
Z. mellis 
Y-10 72 |4.2 |5.4 | 0.9 {14.5 |8.6 |19.1 |42.2 
Y-1053 72 5.4 |4.7 | 0.4 |18.5 |3.0 |44.5 |66.0 
Z. nadsonii 
Y-1227 72 |5.9 |6.1 | 0.3 {16.5 15.6 |15.7 |37.8 
Z. nussbaumeri 
Y-6 144 |4.0 |7.0 | 0.4 | 9.7 |7.5 |24.0 |41.2 
Y-996 72 |5.9 | 0.3 |15.1 |7.1 |17.2 139.4 
Y-1242 72 |4.6 |4.7 | 1.6 {19.5 |6.7 {13.0 |39.2 
Z. priorianus 
ZP-22 72 13.9 |1.5 | 1.9 |35.8 |2.3 | 4.9 |43.0 
Z. richteri 
Y-998 72 |4.7 |4.9 | 0.5 |21.1 |1.9 |16.2 |39.2 
Z. rugosus 
Y7 72 |5.4 |4.4 | 2.5 |22.3 |1.9 |11.5 |35.9 
Y-997 72 |5.4 | 0.4 |25.6 (14.6 |45.2 
Z. wyocena 
ZW-1 96 9.9 | 1.8 | 3.1 .1 137.2 |40.4 


* Initial glucose was 20 per cent. Yields here and in follow- 
ing tables are based on sugar used. 
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when they were received. Cultures Zygosaccharomyces 
priortanus ZP-22 and Z. wyocena ZW-1 were obtained 
from the Department of Bacteriology of the University 
of Wisconsin; cultures Z. barkeri Y-12, Z. mellis Y-10, 
Z. nussbaumeri Y-6, and Z. rugosus Y-7 came from the 
Prairie Regional Laboratories, Saskatoon, Saskatche- 
wan, while all others were received from the Northern 
Utilization Research and Development Division, U. 8. 
Department of Agriculture, Peoria, Illinois. 

These yeasts have been found to produce polyols 
of various kinds and amounts. However, their ability 
to produce polyols is reduced by 50 to 90 per cent if 
they are not transferred every 3 or 4 weeks. During 
this study, fresh stock cultures were prepared every 2 
weeks. It was found that a yeast that had lost its 
potential to produce polyol could be revived by trans- 
ferring it to liquid inoculum medium, incubating for 
48 hr under normal fermentation conditions, and using 
this growth to inoculate stock slants. These slants could 
be used in turn to start inocula or to start other slants. 

Stock slant medium. Stock cultures were carried on a 
medium consisting of 20 per cent glucose (reagent 
grade), 1 per cent Difco*® yeast extract, 0.1 per cent 
urea, and 2 per cent Difco Bacto-agar. 

Inoculum medium. This medium was the same as the 
one above, excluding the agar. 

Fermentation media. Glucose was used at two levels 
of concentration, approximately 10 and 20 per cent. 
With the lower concentration, 0.5 per cent yeast extract 
was used and with the higher, 1 per cent. The urea 
content of both concentrations was 0.1 per cent. The 
other constituents were varied as indicated in the 
tables. The pH of the media was about 6.2 both before 
and after sterilization. The media were sterilized by 
autoclaving at 121 C for 15 min. 

Inocula. Loop transfers from stock slants were used 
to inoculate 50 ml of the inoculum medium in 500-ml 
Erlenmeyer flasks. These were incubated at 30 C for 
48 to 72 hr on a New Brunswick’ rotary shaker that 
describes a 1-in.-diameter circle at 250 revolutions per 
min. The growth amounted to about 2 per cent dry 
weight cells per volume (10 per cent v/v wet cells). 
Instead of using cotton plugs, the flasks were covered 
with double thickness Rapid-Flo* milk filter discs. 

Fermentations. Two and a half ml of inoculum were 
used for 50 ml of fermentation medium in a 500-ml 
Erlenmeyer flask that was covered with milk filters. 
The flasks were then incubated at 35 C, except as noted, 
on the rotary shaker. The times of fermentation are 
given in the results. 


* Difco Laboratories, Detroit, Michigan. 

*New Brunswick Scientific Co., New Brunswick, New 
Jersey. 

5 Johnson and Johnson Co., New Brunswick, New Jersey. 
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Analyses 


Evaporation during the fermentations amounted to 
about 10 per cent per day. The volume of fermentation 
broth was brought up to 50 ml by addition of distilled 
water before any of the analyses were run. 

Ten ml of the fermentation broth were placed in a 
graduated 15-ml centrifuge tube, and the volume of 
yeast cells was determined by centrifugation. The 
supernatant was used for further analyses. The copper- 
reduction method of Shaffer and Somogyi (1933) was 
used to determine the concentration of glucose. The 
total polyol concentration (calculated as glycerol) was 
determined colorimetrically by the method of Desnuelle 
and Naudet (1945) as described by Neish (1952). 

Paper chromatography was used to separate the 
individual polyhydrie alcohols. The apparatus and 
technique used are described by Saeman et al. (1954). 
The developing solvent consisted of butanol, pyridine, 
and water in a volume ratio of 10:3:3, respectively. 
For glycercl, a developing time of 19 hr is adequate. 
If both glucose and arabitol are contained in the sample, 
40 hr are required to separate these two compounds. 
The individual polyols are eluted from the paper and 
determined either by oxidation with periodate 
(Bradford et al., 1942) or colorimetrically (Desnuelle 
and Naudet, 1945). Both methods agree within experi- 
mental error. 


TABLE 2 


Effect of temperature upon the yields of products of 
several species of Zygosaccharomyces 


| > | = 
% | % 
Z. acidifaciens 37 72 3.8 5.0 0.23 9.2 7.1/0. |16.3 
Y-1011 30 72 3.6 5.0 .26 17.0 6.6/0. (23.6 
Z. barkeri 37 72 14.5 7.5 1.20 | 2.5 20.0 |23.5 |46.0 
Y-222 30 72 4.5 7.5 1.67 1.5 25.4 |19.5 |46.4 
Z. fermentati 37 |72 5.0) .18 | 2.2/0. | 0 2.2 
Y-1559 3072 4.5 5.0 .22.15.9/0. | 0. {15.9 
Z. mandschuricus |37 48 3.2 5.2 | .28 7.1 | 6.7 |trace|13.8 
Y-54 30 72 3.3 6.2.23 17.4 | 6.1 |trace|23.5 
Z. mellis 37 6.2 | .19 | 4.1 |11.5 |22.4 [38.0 
Y-1053 30 72 5.2 6.2) .21 | 8.0 | 6.0 |29.2 |43.2 
Z. nadsonii 37 48 4.8 7.5) .21 | 5.1 (17.9 |15.1 [38.1 
Y-1227 30 72 4.7 6.3 .18 13.8 |16.7 |19.8 50.3 
Z. nussbaumeri 37 72 4.0 6.0 3.25 trace)33.0 |15.2 |48.2 
Y -996 30 72 3.9 6.0 3.44 trace 32.1 |trace|32.1 
Z. priorianus 37 48 4.6 2.5 .19 18.1 |tracetrace/18.1 
ZP-22 30 96 4.0 5.0 .33 23.4 |traceltrace 23.4 
Z. richteri 37 96 5.4 6.0 1.23 |trace'34.0 | 9.6 |43.6 
Y-998 30 (96 5.2 6.2 1.72 trace|40.3 13.2 
Z. rugosus 37.96 6.0 5.0 .17 | 3.1 (20.1 |18.1 |41.3 
Y-997 30 96 5.2 5.0. .19 11.7 (20.5 |20.1 (52.3 
Z. wyocena 37 72 4.5 7.5 1.86 trace) 0. [28.6 (28.6 
30 72 4.3 8.0 1.49 trace 0. (30.7 |30.7 
J | | 


* Initial glucose, 10.5 per cent. 
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The amount of ethanol was determined by the 
Conway microdiffusion method described by Neish 
(1952). The colorimetric method of Fiske and 
SubbaRow (1929) was used to determine the amount 
of inorganic phosphate. 

Screening of cultures. Eleven representative osmo- 
philic yeasts of the genus Zygosaccharomyces were 
chosen for study. Two or more strains of four yeasts 
were included in the first test, making a total of 16 
cultures. The results of this screening test are given in 
table 1. The yeasts were judged primarily according 
to products formed rather than according to speed of 
fermentation. Some of the yeasts were slow growers 
and usually slow users of glucose. Some yeasts required 
144 hr to ferment the same amount of glucose that 
other yeasts consumed in 72 hr. This, however, was 
not a species characteristic alone. For example, strains 
of Z. nussbaumeri showed as much difference in rate of 
glucose utilization as did separate species. None of the 
yeasts produced high yields of glycerol under the con- 
ditions of this test, but several gave high yields of 
arabitol and ethyl alcohol. 

Effect of glucose concentration and temperature. To give 


yeasts that might not ferment well at high concentra- . 


tions of sugar a better chance, the glucose concentra- 
tion was reduced to 10 per cent and two temperatures 
of fermentation were tried. The data are given in table 
2. Most of the yeasts consumed 10 per cent of glucose 
in 72 hr, and in three cases the sugar was utilized in 
48 hr. 

Temperature had no particular effect on the growth 
of the yeasts with but one exception, Z. priorianus. 
Two of the yeasts produced considerable acid, as shown 


TABLE 3 
Effect of yeast extract concentration upon yields of 
products 

| 2 | Final | Ethyl 

| % | | | % | % 
Z. barkeri 1.0 72 |4.5 |9.0 (0.30 | 3.3 |10.7 |20.8 |34.8 
Y-222 | 96 | .82 1 119.0 |26.5 |45.6 
.25|168 |4.7 [4.5 | .43 | 0. [20.3 [30.2 |50.5 
Z. mellis | 48 |5.4 |7.0 | .27 [18.5 | 0. |20.2 (38.5 
Y-1053 | | 72 5.4 5.0 | .30 |11.6 0. (29.0 |40.6 
| .25/168 |5.0 |4.5 | .21 .2 |35.6 |24.3 (60.1 
Z. nussbaumeri |1.0 | 48 |4.3 |8.5 | .27 |12.3 |17.4 |12.1 |41.8 
Y-996 | .5 | 96 .35 | .2 32.5 [19.8 52.5 
| .25|168 |2.11 -1 (38.9 {19.3 |58.3 
Z. richteri 1.0 72 |5.9 |7.5 | .25 | 4.8 |16.9 |16.8 |38.£ 
Y-998 | 5 | 96 |5.2 |6.0 | .38 .2 |34.4 |18.4 |53.0 
| .25/168 |5.6 {1.15 4 (39.1 118.2 |57.7 
Z. rugosus 1.0 | 72 5.9 | .24 11.9 | 9.2 |15.7 [36.8 
Y-997 | .5 | 96 |5.3:15.0 | .24 | 4.9 |27.1 |22.3 |54.3 
| 25/168 |5.9 |3.0| .48| .1 (38.6 [18.4 87.1 


* Initial glucose, 10.9 per cent. 


by values below pH 4. The higher temperature greatly 
reduced the yield of ethyl alcohol, but the low figures 
at 37 C are probably a reflection of evaporation losses 
rather than reduced production. The higher tempera- 
ture had no consistent effect on polyhydric alcohol 
production; sometimes the figures are higher at 37 C 
and sometimes they are lower. Seven of the yeasts pro- 
duced high yields of polyhydric alcohols. Four of these, 
Z. nadsoni, Z. nussbaumeri, Z. richteri, and Z. rugosus, 
gave good yields of glycerol (15 per cent or more). 
The outstanding producers of arabitol were Z. barkeri, 
Z. mellis, and Z. wyocena. Zygosaccharomyces 
acidifaciens, Z. fermentati, Z. mandschuricus, and 
Z. priorianus appeared to produce ethyl alcohol pre- 
dominantly, and in general fermented glucose faster 
than the polyol producers. These results were con- 
firmed in several subsequent fermentations but, since 
a report of alcohol production is not the aim of this 
paper and the data are unreliable because of evapora- 
tion losses, they are omitted from the later tables. 
Effect of yeast extract concentration. The concentra- 
tion of the yeast extract in the medium was varied 
from 0.25 per cent to 1 per cent (table 3). At the lowest 
level, growth was reduced and glucose fermentation 
was slow. Even after 168 hr some reducing sugar was 
still unfermented, and in two cases this amounted to 
12 and 21 per cent, respectively, of the initial glucose. 


TABLE 4 
Effect of rate of aeration upon yield of polyhydric alcohols 


Culture Fie! Vol" he Glycerol 
mM O2/L/hr % % % % 

Experiment 1* 
Z. barkeri 42 | 1.04 | 4236 
Y-222 360 5.1 | 7.0 | 2.0| 10.5 46.1 
Z. mellis 42 4.6 | 4.0 | 0.3 | trace | 28.1 
Y-1053 360 4.0 | 5.0 | 0.7 | trace | 15.7 
Z. nussbaumeri 42 3.7 | 6.0 | 0.2 | 34.9 | 23.8 
Y-996 360 3.8 | §.010.2| | 
Z. richteri 42 5.3 | 5.0] 0.3 | 32.4 | 26.6 
Y-998 360 §.2 | 5.0 | 2.0} 23.5 | 14.6 
Z. rugosus 42 5.5 | 5.0 | 0.2 | 28.0 | 26.0 
Y-997 360 5.7 | 25.0 | 280 

Experiment 2* 
Z. barkeri 42 4:3.| 6.0 | 2.2 4.2 | 25.2 
Y-222 360 4.5 | 8.0 | 2.8 8.6 | 39.2 
Z. mellis 42 5.0 | 5.0 | 0.5 | trace | 28.7 
Y-1053 360 4.7 | | 2.2 6.4 
Z. nussbaumeri 42 4.0|}6.0/1.8] 14.6 | 17.8 
Y-996 360 3.6 | 8.0/0.7 | 20.8 | 18.7 
4G. richteri 42 5.01 7.0 | 12:3 
Y-998 360 4.8|7.0|0.4]| 20.8 | 18.1 
Z. rugosus 42 11.1 | 18.1 
Y-997 360 5.0 | 5.5 | 0.4] 21.1 18.3 


* Initial glucose was 10.5 per cent in experiment 1 and 19 
per cent in experiment 2. Time of fermentation was 96 hr in 
both experiments. 
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With 0.5 per cent of yeast extract, fermentation was 
practically complete in 96 hr; with 1 per cent of 
yeast extract, substantially all of the glucose was used 
in 48 or 72 hr. 

Low levels of yeast extract had a very unexpected 
and pronounced effect on the formation of products. 
They increased glycerol production from zero to 36 per 
cent of the glucose fermented in the case of Z. mellis 
and raised it two- to four-fold in the other fermenta- 
tions. The effect on arabitol production was less marked 
than with glycerol and was also somewhat erratic. The 
yield was lowest with 1 per cent of yeast extract, but 
sometimes higher yields were obtained at the 0.5 per 
cent than at the 0.25 per cent concentration. 


TABLE 5 
Yields of products in anaerobic fermentations 
2 } | | | 

= Final| Ethyl) 2 

Culture Glu- | Alco- |Gtyce- _3 

Es| ass | cose® | 

w| |%|%\%|%|% | % 

Z. barkeri 168 |4.7 4.5 | 8.1 45.3 [trace trace 45.3 
Y-222 240 |4.5 |2.0 16.7 trace trace |trace trace 
Z. mellis 144 5.1 2.5 .4 40.9 trace/trace 40.9 
Y-1053 240 1.5 | 8.4 47.3. trace|trace 47.3 
Z. nussbaumeri 168 4.3 4.0 | 1.1 22.1 | 8.7 |10.7 |41.5 
Y -996 240 (4.2 4.0 | 7.3 41.6 9.2 |11.3 |62.1 
Z. richteri 168 4.8 4.0 1.0 36.7 15.1 10.8 62.6 
Y-998 240 4.8 4.0 10.1 46.0 7.9 11.5 
Z. rugosus 144 5.0 2.5 36.4 9.2 13.4 |59.0 
Y-997 240 [5.2 2.0 8.2 42.4 11.7 14.5 68.6 


* Initial glucose for the first fermentation with each yeast 
was 10.6 per cent and for the second it was 18.9 per cent. 


TABLE 6 
Effect of added vitamins and trace minerals on yields 
of products 

| 

Z. barkeri 0.0 168 5.3 6.0 0.2 trace|trace'37.4 37.4 
Y-222 .2 |5.2 6.0 | .2 |trace|trace 37.1 37.1 
1 168 5.2 6.0 2 trace trace/37.2 
Z. mellis 0.0 | 72 4.7 4.5) .4 9.1 trace)34.3 |43.4 
Y-1053 .2| 72 5.0 5.0) .2 9.9 trace33.8 |43.7 
1 | 725.1 5.2 | .2 5.9 |trace30.7 (36.6 
Z. nussbaumeri 0.0 96 3.7 5.0 | .2 | 4.1 31.4 |26.5 |61.0 
Y-996 3.8 5.5 trace 36.2 |22.3 58.0 
1 | 72 3.6 5.0) .2 trace 37.2 19.7 |56.9 
Z. richteri 0.0 | 96 5.2.5.5) 2.5 35.3 30.9 68.7 
Y-998 .2 | 96 6.0 | .2 | 2.1 [34.3 |27.7 \64.1 
1 96 5.3 6.0 | .2 | 3.0 31.2 |26.8 |61.0 
Z. rugosus 0.0 96 5.8 5.0 .2 7.6 28.9 30.0 66.5 
Y-997 -2/96 5.6 5.0 .2 9.5 23.5 33.1 66.1 

1 |168 5.9 5.0 | .2 | 8.6 24.1 26.2 59.1 


* Initial glucose, 9.1 per cent. 


Ethyl alcohol production was stimulated strongly 
by the yeast extract. No significance can be attached to 
the figures for the 0.25 per cent level because of the 
loss of aleohol by evaporation during the long period 
of fermentation, 168 hr. The figures for 1 per cent of 
yeast extract show marked increases over those for the 
0.5 per cent level. The differences appear too great to 
be explained by evaporation losses during the addi- 
tional 24 to 48 hr of fermentation required at the 0.5 
per cent level. 


TABLE 7 
Effect of phosphate on yields of products 
Culture Ae | men | | pa! | 
KH:- | Time ume | cose* | Yield 
PO, 
P/) % | %| % | % 
Z. barkeri 0 84 | 5.0 | 5.6 | 2.2 | 13.7 | 54.8 
Y-222 31.6 | 84 | 4.4 | 5.8 | 1.5 | 10.0 | 56.3 
63.2 | 84 | 4.3 | 5.6] 1.2] 8.4 | 57.8 
Z. mellis 0 96 | 3.3 | 3.0/1.0] 9.4 | 12.9 
Y-1053 31.6 | 96 | 3.2 | 2.0 | 2.4 | 6.6 | 12.0 
63.2 | 96 | 3.2 | 2.0} 2.1] 6.8] 6.8 
Z. nussbaumeri 0 96 | 2.9 | 4.5 | 0.5 | 35.6 | 24.4 
Y-996 31.6 | 96 | 2.8 | 7.0 | 0.2 | 32.3 | 23.7 
63.2 | 96 | 2.8 | 6.0} nil | 30.5 | 29.5 
Z. richteri 0 72 | 3.0 | 6.5 | 0.6 | 45.0 | 28.1 
Y-998 31.6 | 72 | 2.9 | 6.0 | 1.4 | 30.9 | 24.7 
63.2 | 72 | 2.9} 5.0 | 2.7 | 10.3 | 19.1 
Z. rugosus 0 96 | 4.8/5.0] nil | 25.3 | 28.4 
Y-997 31.6 | 96 | 3.3 | 6.0] nil | 23.2 | 24.2 
63.2 | 96 | 2.9 | 5.0] nil | 24.2 | 24.2 


* Initial glucose, 9.5 per cent 


TABLE 8 
Effect of amino acids on yields of products 
pH “a Yield Yield 
%|% | % | % 
Z. barkeri 0 72 | 5.3 | 4.0 | 3.0 | 14.3 | 40.0 
Y-222 1 72 | 5.0 | 4.0 | 1.7 | 13.3 | 37.3 
2 72 | 5.7 | 3.0 | 3.5 | 13.9 | 43.2 
Z. mellis 0 84 | 3.6 | 2.0 | 2.1 | 11.2 | 14.1 
Y-1053 1 84) 3.5/3.0] 1.1] 8.7 | 12.4 
2 $4 | 3.6 | 3.0 | 0.7 | 8.2 | 11.7 
Z. nussbaumeri 0 84 | 3.9 | 4.0] 0.3 | 45.0 | 31.5 
Y-996 1 84 | 4.0 | 4.5 | 0.2 | 38.9 | 27.8 
2 84 | 4.0 | 4.5 | 0.2 | 40.0 | 24.5 
Z. richteri 0 144 | 6.0 | 6.0 | nilf | 35.5 | 19.5 
Y-998 1 144 | 7.0 | 6.0 | nil | 33.2 | 20.5 
2 144 | 6.4 | 5.0 | nil | 32.5 | 21.5 
Z. rugosus 0 84 | 5.7 | 5.0 | 0.8 | 44.0 | 42.8 
Y-997 1 84 | 5.8 | 5.0 | nil | 32.6 | 34.8 
2 84 | 5.8 | 5.0 | nil | 33.7 | 38.1 


* Initial glucose, 9.2 per cent. 
+ Glucose concentrations at 96 hr were 4.6, 3.8, and 4.6 
per cent respectively. 
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In spite of the long period of fermentation, the re- 
covery of products was largest with all of the yeasts 
at the lowest level of yeast extract and smallest at the 
highest level. The difference between the two recoveries 
was close to 20 per cent. This difference is probably 
related to the lower quantity of CO: produced in the 
formation of the polyhydrie alcohols as compared to 
that with ethyl alcohol. 

Effect of varying aeration. Because of the better yields 
at the 10 per cent level of glucose than at the 20 per 
cent level, it seemed possible that aeration was inade- 
quate especially at the higher concentration of sugar. 
Fermentations were run at two aeration levels in smooth 
and in indented flasks. Oxygen availability as measured 
by sulfite oxidation was thereby increased from 42 
mM QO» per L per hr in the smooth flasks to 360 in the 
indented flasks. The data for these fermentations are 
given in table 4. 

At the 10.5 per cent level of glucose (experiment 1, 
table 4), sugar utilization at the higher aeration level 
was in most cases slightly decreased and yeast growth 
was increased, indicating that a Pasteur effect occurred 
at the higher aeration level. The yields of glycerol and 
arabitol, as expected, were lower with more aeration, 
in several cases 30 to 50 per cent lower. These data 
indicate that aeration at the lower level was adequate 
and possibly more than enough for maximum polyhy- 
dric alcohol production. 

At the higher level of glucose (experiment 2, table 
4), high aeration increased the yield of glycerol 
markedly in all cases. The effect on arabitol production 
was irregular; more arabitol was produced with Z. 
barkeri, less with Z. mellis, and no clear effect with the 
other three yeasts was noticed. The conversion of 
glucose to polyhydric alcohols was much less efficient 
at the 19 per cent level of glucose than at the 10.5 per 
cent level. In most cases, only from 30 to 40 per cent of 
the glucose was recovered as polyhydric alcohols at 
the higher glucose level, whereas most of the fermenta- 
tions yielded 50 per cent or better at the lower concen- 
tration of glucose. Z. nussbaumerit and richteri 
yielded notably high percentages (30 per cent or more) 
of glucose to glycerol at the lower sugar level and lower 
rate of aeration. None of the yeasts approached this 
figure at the 19 per cent level of glucose regardless of 
the rate of aeration. Data not given in the table showed 
about 15 per cent of the glucose at the 19 per cent level 
was accounted for as ethyl alcohol at the low aeration 
without allowing for ethyl alcohol removed by air. At 
the higher aeration no reliable figures were obtainable. 

Yield of products under anaerobic conditions. For 
comparison with the aerobic fermentations, the same 
yeasts were used at two levels of glucose in flasks 
closed with rubber stoppers and Bunsen valves but 
shaken as in the aerobic fermentations. The results 
are given in table 5. Utilization of glucose was much 


slower than with aeration. At the 19 per cent level, 
fermentation was slower than at the 11 per cent level. 
It required nearly twice as long to ferment the same 
quantity of sugar at the higher level as at the lower 
concentration. Z. barkeri was a particularly slow 
fermenting yeast. 

Yeast growth was less, as was to be expected, than 
under aerobic conditions but several of the yeasts 
made reasonably good growth. The pH values were 
higher, indicating formation of less acid, than in 
aerobic fermentations. Ethyl alcohol was the pre- 
dominant fermentation product, accounting for 40 
per cent or more of the glucose in several cases. Two 
of the yeasts produced only traces of polyhydric 
alcohols but the other three converted around 20 
per cent of the glucose into these products. In all but 
one instance, more arabitol than glycerol was formed. 

As in most aerobic fermentations, Z. barkeri and 
Z. mellis were poor producers of polyhydric alcohols. 
While there were differences in products among the 
other three yeasts, no one yeast was uniformly superior 
to the other two. Amounts of total products based on 
glucose fermented were in most cases higher than those 
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Figure 1. Yield of polyols by Zygosaccharomyces barkeri 
(Y-222) as a function of time of fermentation. 
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given by strains of Saccharomyces, but the rate of 
fermentation was slow. Clearly, anaerobic conditions 
are not optimum for these strains of Zygosaccharomyces. 

Influence of vitamins and trace minerals. The com- 
position of the medium with respect to trace elements 
and growth factors is patterned after those of Olson 
and Johnson (1949) and Atkin ef al. (1944). At the 
highest level indicated in column 2 of table 6, the 
medium had the following composition in yg per ml 
with respect to added vitamins and _ minerals: 
ZnSO,-7H20, 1.75; 1.05; 
CuSO,-5H20, 0.96; MnSO,-H.O, 0.005; biotin, 0.01; 
calcium pantothenate, 0.50; inositol, 10.00; nicotinic 
acid, 2.00; thiamin hydrocholoride, 1.00; and py- 
ridoxamine hydrochloride, 1.00. 

Unusually high yields of polyhydric alcohols were 
obtained (table 6), but these were probably not a 
result of the added vitamins and trace elements, as 
the control fermentations were also high. One yeast, 
Z. nussbaumeri, gave more glycerol with added nu- 
trients, but two others gave less. Four of the five 
yeasts produced from 10 to 25 per cent less arabitol 
with the added nutrients. The first two yeasts gave 
no glycerol, but high yields of arabitol. 
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Figure 2. Yield of polyols by Zygosaccharomyces mellis 
(Y-1053) as a function of time of fermentation. 
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The results suggest a rapid fermentation in which 
the yeasts turned to glycerol and arabitol consumption 
after all the glucose had been used. This interpretation 
would explain the absence of glycerol in two cases 
and lowered yields of glycerol and arabitol in the case 
of yeasts stimulated by addition of vitamins and trace 
minerals. Some of the yeasts took a long time, 168 
hr, to ferment 9 per cent glucose. Z. barkeri and Z. 
mellis gave only arabitol and may have consumed 
any glycerol formed earlier in the fermentation. 

Effect of phosphate. Potassium phosphate was added 
to the standard medium in such amounts as to double 
and treble the inorganic phosphorus content of the 
medium. The data are given in table 7. The fermen- 
tations were run until practically all the glucose was 
utilized. In most cases this required 96 hr, but Z. 
richteri fermented all the glucose in 72 hr. Added 
phosphate had no particular effect on yeast growth 
but in some fermentations brought about a lower pH 
in the medium, especially in the case of Z. rugosus. 

Addition of phosphate reduced the glycerol yield 
with four of the yeasts from about 15 to 75 per cent. 
However, Z. rugosus was not appreciably affected 
by the added phosphate and gave high yields of glycerol 
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Figure 3. Yield of polyols by Zygosaccharomyces nussbau- 
meri (Y-996) as a function of time of fermentation. 
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in all three fermentations. The effect of added phos- 
phate was less marked on the production of arabitol 
than on that of glycerol. Three of the yeasts showed 
little or no response to more phosphate. As with 
glycerol, Z. richteri was most affected; the yield of 
arabitol was decreased about one-third by more 
phosphate. 

The total yields of polyhydric alcohol in this experi- 
ment were outstanding for four of the yeasts. Z. mellis, 
however, gave low yields, a result that is generally 
characteristic of this strain. 

Effect of amino acids. A mixture of amino acids 
patterned after the amino acid composition of brewers’ 
yeast (Lindan and Work, 1951) was made up in such a 
concentration that addition of 1 ml to 50 ml of medium 
doubled the amino acid content. This quantity of 
amino acids is not completely soluble at room tem- 
perature but goes into solution at 90 C. Hence, aliquots 
of the hot solution were added to the medium before 
autoclaving. The results are given in table 8. The 
added amino acids appeared to decrease formation 
of both glycerol and arabitol below that level found 
in the untreated medium. The yields, however, were 
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Figure 4. Yield of polyols by Zygosaccharomyces richteri 
(Y-998) as a function of time of fermentation. 


conspicuously high, especially without added amino 
acids. 

Interrelation of time of fermentation and products 
formed. Figures 1 to 5 give data on the sequence of 
events in one fermentation for each yeast. Two other 
sets of fermentations were run, but only the results 
of one fermentation are graphed in the figures. Agree- 
ment between the three sets of data was in the range 
of 10 to 20 per cent. 

All of the yeasts made about the same final growth, 
but those shown in figures 1, 2, and 3 started more 
quickly. At 24 hr most of the cells had been produced 
by Z. barkeri, Z. mellis, and Z. nussbaumeri, but Z. 
richteri and Z. rugosus did not reach this level of 
growth until 48 hr had passed. 

Production of polyhydric alcohols varied with differ- 
ent yeasts. Z. barkeri and Z. mellis are strong arabitol 
producers but gave little or no glycerol. The molar 
ratio of glycerol to arabitol at the end of the fermenta- 
tion was about 1:2 for Z. barkeri. Occasionally a 
little glycerol has been found in Z. mellis fermentations, 
but in general it is absent. The last three yeasts (figures 
3, 4, and 5) are strong producers of glycerol and give 
somewhat less arabitol than the first two. Glycerol 
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Figure 6. Yield of polyols by Zygosaccharomyces rugosus, 
(Y-997) as a function of time of fermentation. 
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usually appeared earlier than arabitol. The molar 
ratio of glycerol to arabitol at the end was highest 
(2:6) for Z. nussbaumeri and lowest (1:6) for Z. 
rugosus. These ratios did not vary markedly after 48 
hr of fermentation. In a 7-day fermentation with Z. 
nussbaumeri where glucose had been exhausted for 2 
days, marked destruction of arabitol took place. Z. 
nussbaumeri is also noteworthy because of the low 
pH values reached. Z. mellis also produces a fair 
amount of acid. The other three yeasts were low acid 
producers, much alike with respect to the pH values 
of the fermented media. 


Discussion 


Production of glycerol and arabitol is probably the 
result of the interrelation of many factors. Foremost 
among these are inherent factors; that is, the kind of 
yeast. Strains of Saccharomyces do not readily produce 
much glycerol and have to be “steered” to make ap- 
preciable quantities of this polyhydric alcohol. p-Ara- 
bitol is apparently a normal product with species of 
Zygosaccharomyces, but has not been detected in 
fermentations by species of Saccharomyces. 

The external factors that promote polyol formation 
appear to be: 

(1) Limited but adequate growth. There seems to be 
more growth than that made under anaerobic con- 
ditions, but much less than that made under truly 
aerobic fermentations, as in the making of bakers’ 
yeast. A yeast extract level of 1 per cent was too high, 
and the 0.2 per cent level, although it gave good yields 
prolonged the fermentation unduly. Other nutrients 
such as amino acids, vitamins, and trace minerals, 
had little if any effect on growth and yield of products. 

(2) Adequate but not excessive aeration. This is 
necessary to produce the hydrogen-carrying co- 
enzymes (for example, DPNH2) that are required 
for the formation of the reduction products, glycerol, 
for example. This means that the tricarboxylic cycle 
must operate to some extent but the final step in 
aerobic metabolism, oxidation of the hydrogen by 
oxygen, must be restricted. The accumulated DPNH2 
is then diverted to other reductions that give glycerol 
and arabitol. Simultaneously, reduction to ethyl 
alcohol is depressed. 

Probably the concentration of glucose is a leading 
factor in bringing about this result. It is well-known 
among producers of bakers’ yeast that, if the con- 
centration of glucose exceeds a fraction of a per cent, 
the fermentation of glucose by Saccharomyces cerevisiae 
becomes dominantly alcoholic, that is, anaerobic. 
The weak aerobic system of this yeast becomes over- 
loaded at this concentration, and the strong anaerobic 
system takes over in spite of any amount of aeration. 
From the data obtained, it appears that a sulfite 
oxidation value of 42 mm O, per L is adequate for 
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strains of Zygosaccharomyces at a 10 per cent level of 
glucose, but not enough for a 20 per cent concentration. 
With the glucose at the 10 per cent level, an oxygen 
supply equivalent to a sulfite value of 42 mm Oz per L 
per hr was adequate. Increasing this value to 360 
mm Q, per L per hr decreased the rate of glucose 
utilization somewhat, increased the growth of yeast 
slightly, and in some cases decreased the yield of 
glycerol by 30 per cent and that of arabitol by nearly 
50 per cent. The data indicate a Pasteur effect at the 
higher level of aeration. 

With glucose at the 20 per cent level, the higher 
rate of aeration increased glycerol production mark- 
edly, 50 to 100 per cent. The effect on the yield of 
arabitol was irregular; an increase with one yeast, a 
decrease with another, and no significant change 
with three others. The conversion of glucose to poly- 
hydric aleohols with glucose at the 20 per cent level 
amounted to only 30 to 40 per cent, whereas with 
glucose at the 10 per cent level most of the fermenta- 
tions gave a yield of 50 per cent or better. At the 
higher level, much of the glucose was converted into 
ethy! alcohol. 

Under anaerobic conditions, ethyl alcohol was the 
predominant product, for example, 40 per cent con- 
version. Two of the yeasts produced only traces of 
glycerol and arabitol, but three others converted 20 
per cent of the glucose into these products. 

(3) Limited inorganic phosphate. Much inorganic 
phosphate depressed polyol formation. Under the 
conditions used in the tests reported, 0.001 mM was 
sufficient and perhaps excessive. These results are in 
agreement with those of Spencer and Shu (1957c) 
who obtained the highest yields of polyols without 
any added inorganic phosphate and found that added 
inorganic phosphate reduced the yields of glycerol and 
arabitol and increased that of ethyl alcohol. 

With so many factors affecting the fermentation, 
it is difficult to obtain reproducible data, but careful 
experimentation has given increasingly better results. 
Each yeast must be studied in detail before conclusions 
can be drawn regarding the superiority of one yeast 
to another. 


SUMMARY 


Sixteen strains of the genus Zygosaccharomyces 
representing 11 species have been screened for pro- 
duction of the polyhydric alcohols, glycerol and p-ara- 
bitol. Five of these yeasts were selected for more 
extensive study of the factors that affect the yield of 
the two alcohols. Outstanding yields of glycerol (35 
to 45 per cent and 30 to 40 per cent of arabitol in a 
10 per cent glucose fermentation) were obtained from 
three yeasts, Zygosaccharomyces nussbaumeri, Zygosac- 
charomyces richteri, and Zygosaccharomyces rugosus. 
The highest yield of arabitol, about 55 per cent con- 
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version of glucose, was given by Zygosaccharomyces 

barkerz. 

Aeration is an important factor in increasing the 
yield of polyols, but glucose concentration modifies 
the air requirement. 

Low concentrations of yeast extract favored polyol 
formation. Added inorganic phosphate reduced the 
yield of these products. Under the conditions studied, 
yields were not affected by additior of vitamins, 
trace elements, or amino acids. 

Analyses at successive times during fermentation 
revealed that yeast cells were produced mainly in the 
early period of fermentation. 

In fermentations with strong glycerol producers, the 
glycerol appeared a little earlier than arabitol, but 
both products were formed throughout the fermenta- 
tion. The molar ratio of glycerol to arabitol in such 
fermentations was highest for Z. nussbaumeri (2:6) 
and lowest for Z. rugosus (1:6). These ratios did not 
vary much after 48 hr of fermentation. 

Acid production was greatest with Z. nussbaumeri 
(pH 3.5) and least with Z. rugosus (pH 5). The pH 
values remained fairly constant after 24 hr of fer- 
mentation. 
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Despite recently revived interest in gaseous dis- 
infection or sterilization, only two compounds, for- 
maldehyde and ethylene oxide, have been used to any 
great extent for this purpose. As discussed by Phillips 
(1957) in a review of gaseous sterilization, several other 
compounds have been mentioned in the literature as 
possessing bactericidal properties in the vapor state 
but have been put to little, if any, practical application. 

Formaldehyde had widespread application in the 
early part of this century for disinfecting sick rooms 
following occupancy by a person suffering from a 
contagious disease. It is seldom used for this purpose 
now, although it still has certain industrial applica- 
tions as a vapor-phase disinfectant, particularly for 
large inclosed spaces. Ethylene oxide has come into 
use only within the last decade. The use of this com- 
pound, usually contained in mixtures with carbon 
dioxide or fluorinated hydrocarbons to reduce its 
flammability, has permitted the sterilization of many 
types of materials hitherto considered nonsterilizable 
because of heat or moisture sensitivity. These materials 
include plastics, wool, leather, pharmaceuticals, and 
articles such as notebooks, delicate laboratory equip- 
ment, and medical instruments among many others. 
In general, gaseous disinfection techniques are not 
proposed to displace other routine standard methods 
such as steam or chemical solution sterilization, but 
rather to meet many peculiar problems arising when 
sensitive materials, for one reason or another, need 
to be sterilized. 

Recent activity in gaseous sterilization has been 
confined largely to the exploitation of new applications 
of formaldehyde and ethylene oxide, particularly the 
latter, rather than to a search for additional compounds 
with different physical or chemical properties. A con- 
tinuing program of search has been conducted in these 
laboratories; out of this program 8-propiolactone has 
emerged as a compound with high biological activity 
in the vapor state. 

6-Propiolactone more nearly resembles formaldehyde 
than ethylene oxide in its germicidal properties and 
possesses a number of advantages over formaldehyde 
as a gaseous sterilant, particularly with respect to 
increased antimicrobial activity and lessened per- 


1 Presented at the 57th General Meeting of the Society of 
American Bacteriologists, Detroit, Michigan, April 28 to May 
2, 1957. 


sistency. To date, the microbiological activity of this 
compound has been reported only for aqueous solutions 
(LoGrippo et al., 1955 and Hartman et al., 1955) 
and not for the vapor. 

B-Propiolactone is a colorless liquid at room tem- 
perature with the following pertinent physical prop- 
erties: 


Boiling point 155 C (decomposition) 

Melting point —33.4 C 

Density 20/4 C 1.1490 

Vapor pressure (25 C) 3.4mm Hg 

Water solubility (25 C) 37% (by volume) 
The structural formula of 8-propiolactone is: 


ae 
— bao 

It is characterized by a slightly sweetish odor which 
is irritating and has lachrymatory properties even at 
low concentration. The lactone hydrolyzes readily in 
water to form hydracrylic acid. Data collected in these 
laboratories, and shown in table 1, point out that the 
rate of hydrolysis varies with the temperature. The 
hydrolysis rate for each temperature is expressed as 
the half-life which is the time required to reduce the 
concentration of 8-propiolactone to 50 per cent. 

Purified (99 per cent) or commercial grade (96 
per cent) 8-propiolactone may be stored at 4 C for at 
least 3 years without appreciable change. However, 
if stored at higher temperatures, for example, 54 C, 
it undergoes polymerization within 6 to 8 weeks. 
Liquid 6-propiolactone exhibits chemical properties 
typical of lactones in general; it reacts readily witb 
organic compounds containing available amino, car- 
boxyl, sulfhydryl, and hydroxyl groups (Szilagyi 
et al., 1954). In addition, inorganic salts, acids, or 
alkalis catalyze the polymerization of the liquid or 
react with it to yield a new product (Gresham et al., 
1948a, b). 

Some studies have been reported on the use of 
aqueous solutions of 6-propiolactone as a_virucide 
and bactericide. Hartman et al., (1955) have shown 
that 8-propiolactone is effective against lymphocytic 
choriomeningitis, eastern equine encephalomyelitis and 
the MM strain of murine encephalomyelitis viruses 
contained in plasma or whole blood. LoGrippo et al. 
(1955) reported that £-propiolactone was active 
against a variety of bacteria and fungi suspended in 
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phosphate buffer solution and against viruses suspended 
in various media. Among the microorganisms tested 
were Escherichia coli, Bacillus proteus, Staphylococcus 
aureus, spores of Bacillus globigii, Aspergillus niger, 
Microsporum audouint, Trichophython mentagrophytes, 
Coxsackie (GP-A) virus, poliomyelitis (type II) virus, 
and rabies (CVS) virus. These same authors and 
Szilagyi et al. (1954) successfully used dilute solutions 
of 8-propiolactone to sterilize human arterial homo- 
grafts. 

The fact that aqueous solutions of 8-propiolactone 
actually were effective against spores as well as other 
microbiological species, together with its volatility 
as an organic liquid, led to investigations in this labora- 
tory on its use as a vapor-phase decontaminant. 


EXPERIMENTAL METHODS 
Preparation of Test Microorganisms and Samples 


The preliminary evaluation of the activity of 8-propi- 
olactone against microorganisms was performed by 
determining the death rates of selected organisms 
contained on cloth patches exposed to the vapor of the 
disinfectant under a variety of environmental con- 
ditions. 

The test organisms were Bacillus subtilis var. niger 
spores (Bacillus globigii) and Micrococcus pyogenes 
var. aureus. B. subtilis var. niger spores were produced 
by growing the organism in liquid casein acid digest 
media. The organisms were harvested by centrifuga- 
tion, suspended in water and heat-shocked at 60 C 
for 30 min. The resulting stock suspension was stored 
at 4 C; portions of this stock were used for each ex- 
periment. 1/7. pyogenes var. aureus cells were grown on 
trypticase soy agar slants for 18 to 24 hr at 37 C. 
The organisms were washed off the slant with water, 
centrifuged and resuspended in water. A fresh culture 
was used for each experiment. 

8-Propiolactone was evaluated by determining its 
activity against the microorganisms contained on 
cotton herringbone twill cloth patches. The patches 
were contaminated by one of two procedures, de- 
pending upon the microorganism involved. Patches 
were contaminated with B. subtilis var. niger spores to 
the extent of 2 to 7 X 10¢ organisms per cm? of material 
by exposure to the fall-out from an aerosol of the test 
organism. Patches were contaminated with 1/7. pyogenes 


TABLE 1 

Rate of hydrolysis of B-propiolactone 
Temperature is Half-Life 

c min 
10 1080 

25 210 

50 20 

75 5 


var. aureus cells by the direct application of a drop 
of an aqueous suspension of the test organism. After 
drying at 25 C, approximately 1 to 5 & 10 M. pyogenes 
var. aureus organisms could be recovered from a patch. 

The major emphasis in these studies was directed 
toward the evaluation of 8-propiolactone against the 
spores of B. subtilis var. niger. It is reasonable to 
presume that any measure of the activity of 8-pro- 
piolactone against these more resistant types would be 
at least as great, or greater, when applied to the more 
sensitive vegetative organisms. 

Prior to exposure to §-propiolactone vapor, the 
cloth patches containing the spores of B. subtilis var. 
niger were conditioned for 24 hr to approximately the 
same relative humidity as that used in the test. This 
conditioning was accomplished by placing the con- 
taminated patches above a saturated solution of a 
suitable inorganic salt contained in a desiccator. 


Exposure to Decontaminant V apor 


A chamber apparatus in which the temperature 
and relative humidity could be controlled was used 
in these studies. The 8-propiolactone was aerosolized 
by means of a “Chicago Atomizer” (Rosebury, 1947) 
after adjusting the relative humidity and temperature 
within the chamber to the desired conditions for the 
test. The contaminated cloth patches suspended on 
pins were placed in the lactone atmosphere. Patches 
were removed periodically and placed in dilution 
blanks containing 0.5 per cent sodium thiosulfate 
(to neutralize any 6-propiolactone carried over on 
the patch) and 0.1 per cent nonionic detergent (to 
aid the removal of organisms from the cloth). 

The samples were shaken and aliquots plated on 
nutrient agar enriched with yeast extract. The plates 
were incubated at 37 C for 48 hr prior to counting. 


Analysis 


The concentration of -propiolactone in air was 
determined by a method developed by B. F. Goodrich 
Company under contract with the Chemical Corps. 
The procedure consists of drawing a measured volume 
of air through Vigreaux? bubblers containing 5 ml of 
alkaline hydroxylamine hydrochloride solution. This 
solution consists of a 1:1 mixture of 20 per cent, 
weight-volume, aqueous sodium hydroxide and 20 
per cent, weight-volume, aqueous hydroxylamine 
hydrochloride. 6-Propiolactone reacts quantitatively 
with the hydroxylamine to form a hydroxamic acid. 
Three ml of acidified ferric chloride containing 10 
per cent, weight-volume, ferric chloride dissolved in 
6 n hydrochloric acid is ‘added and a colored ferric 
complex results. The optical density is then determined 
spectrophotometrically at 500 my» and converted to 


* Fisher Scientific Co., Silver Spring, Maryland. 
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mg per L of air from a standard curve prepared from 
known concentrations of 8-propiolactone. 

Effect of concentration, temperature, and humidity 
on activity of B-propiolactone. As shown in figures 1, 2, 
and 3, the activity of 8-propiolactone is dependent 
upon the concentration of the chemical vapor, and 
the relative humidity and temperature of the at- 
mosphere. 

At a constant temperature and relative humidity, 
the time required to kill a specified percentage of 
spores, that is, 90 per cent, increases as the concen- 
tration of lactone is decreased. 

As seen in figure 1, the data plotted on a semilog 
graph yield straight lines. The slope of these lines is a 
measure of the death rate, k. As pointed out by Phillips 
(1949) the reciprocal of this death rate, 1/k, is equal 
to the time required to kill 90 per cent of the test 
organisms. Thus, for easy comparison, results are 
reported in terms of the time required to kill 90 per 
cent of the test organism (fo). Under the conditions 
defined in the experiments, a 2-min exposure to a 
concentration of 1.6 mg of lactone per L or air was 
required; when a concentration of 0.1 mg of lactone 


- (MIN. 120 

Figure 1. Effect of 8-propiolactone concentration on death 
rate of spores of Bacillus subtilis var. niger. Relative humidity, 
80 + 5 per cent; temperature, 27 + 2 C. Concentrations (mg 
per L): A, 0.1; B, 0.2; C, 0.4; D, 1.6. 
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per L or air was used, a 42-min exposure was required 
to kill 90 per cent of the spores. 

The effect of relative humidity on the antimicrobial 
activity of 8-propiolactone is shown in figure 2. A 
high relative humidity (75 per cent or higher) is re- 
quired for rapid antibacterial activity. The activity 
is much less at 60 per cent than at 75 per cent and 
little activity is noted at a relative humidity of 50 
per cent or less. A constant death rate, as indicated 
by a straight line plot, was obtained only at the higher 
relative humidities, while curved plots were obtained 
at the lower relative humidities. 

Figure 3 shows the effect of temperature upon the 
antimicrobial activity of the lactone when concentration 
and relative humidity were held constant at 1.5 mg 
of 8-propiolactone per L of air and 80 per cent relative 
humidity. Straight line plots were obtained for the 
death rate at each temperature. The temperature 
coefficient (Qi) calculated from results of these ex- 
periments was found to be 2 to 3 for each 10 C change 
in temperature between the range of —10 C to +25 C. 

Effect on material. With the concentrations and 
exposure times recommended, 8-propiclactone vapor 
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Figure 2. Effect of relative humidity on death rate of spores 
of Bacillus subtilis var. niger exposed to B-propiolactone vapor. 
Lactone concentration, 1.5 + 0.3 mg per L; temperature, 
27 + 2C. Relative humidities: A, 45 per cent; B, 50 per cent; 
C, 60 per cent; D, 75 per cent; E, 85 per cent. 
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does not appear to corrode metals or have a deleterious 
effect on materials. Sensitive laboratory equipment 
which could be adversely affected by extremely small 
amounts of corrosion have not been tested to date. 

Flammability. 8-Propiolactone is not flammable in 
air in concentrations which theoretically can exist 
under normal atmospheric conditions. It has been 
estimated that 2 per cent by volume of 8-propiolactone 
in air would produce a flammable mixture. The vapor 
pressure of 6-propiolactone is such that at 30 C the 
concentration in air at the saturation level is only 
about 0.6 per cent by volume, hence no flammable 
hazard can exist; this concentration is considerably 
above the concentration of disinfectant necessary for 
sterilization of enclosed spaces. 

Toxicity. Available information on the toxicity of 
8-propiolactone is somewhat limited. It has been 
determined by human volunteer experiments that 
humans can detect the odor of a concentration of 0.05 
mg of lactone per L of air; because of its lachrymatory 
properties, human beings cannot tolerate concentrations 
greater than 0.1 mg per L of air for longer than 5 min. 
Undiluted 8-propiolactone produces no harmful effect 
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Figure 3. Effect of temperature on death rate of spores of 
Bacillus subtilis var. niger exposed to 8-propiolactone vapor. 
Lactone concentration, 1.5 + 0.3 mg per L; relative humidity, 
80 + 5 per cent. Temperatures: A, —10 C; B, —2 C; C, 6 C; 
D, 15 C; E, 25 C. 


on skin if washed off immediately; however, if it is 
held in contact with the skin for a period in excess of 
one-half hr, blisters are formed. 

Applications. B-Propiolactone has been employed 
successfully to decontaminate chambers up to 3000 
cubic feet and buildings up to 75,000 cubic feet in 
volume. A summary of one such test is given below. 

A two-story building with a volume of 50,000 cubic 
feet was contaminated at various locations with 
B. subtilis var. niger spores. The interior building 
temperature was maintained at 24 C, and water 
vapor was introduced to raise the relative humidity to 
80 per cent. Sixteen L of undiluted 8-propiolactone were 
disseminated in the building as an aerosol by means 
of a Todd Insecticidal Fog Applicator* placed at the 
front entrance of the building. An average concentra- 
tion of about 5 mg of 8-propiolactone per L of air was 
maintained throughout the period of treatment. After 
a 2-hr exposure to the disinfectant, no viable spores 
were recovered from a total of 55 biological samples. 
The building was habitable after 2 days’ normal 
aeration, that is, with doers and windows opened. 
No damage to painted surfaces or metal fixtures in the 
building was noted. 


DISCUSSION 


Preliminary data on the relative resistances of M. 
pyogenes var. aureus and B. subtilis var. niger spores 
showed that under similar conditions of temperature 
and relative humidity of the atmosphere, and con- 
centration of the lactone, the spores were only 4 to 5 
times more resistant to the disinfectant than were 
M. pyogenes var. aureus cells. LoGrippo et al. (1955) 
found the same ratio of resistance between spores and 
vegetative cells upon exposure to aqueous solution of 
B-propiolactone. 

Based on this similarity in rate of inactivation of 
spores and nonsporeforming organisms and the chemi- 
cal reactions of lactones, 6-propiolactone presumably 
acts as an alkylating agent, the lactone ring splitting 
at either the first or third carbon atom. This mech- 
anism of disinfectant action contrasts significantly 
with other modes of action, such as those involving 
heat-inactivation, heavy metals, or oxidation, in 
which appreciable difference between the activity 
against vegetative cells and spores is noted (Phillips, 
1952). 

Data collected in this laboratory show that 8-propi- 
olactone vapor when employed under conditions of 
maximum effectiveness is approximately 25 times 
more active as a vapor phase disinfectant than for- 
maldehyde, approximately 4000 times more active 
than ethylene oxide and 50,000 times more active 


3 Combustion Equipment Division, Todd Shipyards Corp., 
Elmhurst, Long Island, New York. 
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than methyl bromide. These results are based on the 
Ctoo values obtained at the relative humidity of 
greatest activity for each of the disinfectants. (Cts = 
The concentration of the disinfectant vapor in mg 
per L of air times min required to kill 90 per cent of 
the spores.) 

The fact that 8-propiolactone is many times more 
active than ethylene oxide does not imply that the 
lactone can be substituted for the oxide in all situ- 
ations. Ethylene oxide possesses several very desirable 
properties which are lacking in 8-propiolactone. Two 
of these properties are (1) high degree of penetration 
and (2) effectiveness at low relative humidities. These 
properties make ethylene oxide an excellent decon- 
taminant for clothing, bedding, books, drugs, delicate 
equipment, and numerous other items. It is suggested 
that 8-propiolactone may be used as a replacement for 
formaldehyde in gaseous decontamination. The lactone 
does not possess some of the undesirable characteristics 
of formaldehyde, specifically its persistence. As pointed 
out by Phillips, formaldehyde upon spraying, con- 
denses on surfaces and polymerizes. As a result it is 
extremely difficult to rid the surface of the polymer. 
The polymer, paraformaldehyde, volatilizes slowly 
making it necessary to aerate enclosures that have 
been decontaminated with formaldehyde as long as a 
week or more before the enclosure is habitable. 
8-Propiolactone does not condense as a nonvolatile 
residue and thus the time required to aerate an en- 
closure after application of the disinfectant is con- 
siderably less than that for formaldehyde. A day or 
two (with normal aeration) or less (with forced venti- 
lation) is sufficient to eliminate any objectionable con- 
centrations of 8-propiolactone. 

As shown by data in figure 3, 8-propiolactone is 
active even at relatively low temperatures. Ethylene 
oxide and formaldehyde, on the other hand, demon- 
strate very low sporicidal activity at temperatures 
of 10 C or below. Thus the latter two vapor disin- 
fectants are limited to use at room temperature or 
above but the lactone can be used at lower tempera- 
tures. 
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SUMMARY 


Data are presented which show that the rate at 
which spores are inactivated by 6-propiolactone vapor 
is directly dependent upon the concentration of the 
chemical and upon the relative humidity and tempera- 
ture of the atmosphere. 

8-Propiolactone, when used properly, is a very 
effective vapor-phase disinfectant for the decon- 
tamination of chambers, rooms, and_ buildings. 

This disinfectant is not recommended as a. sub- 
stitute for ethylene oxide since it lacks the penetrating 
power of ethylene oxide and furthermore requires a 
high moisture content for its activity. Instead, because 
of its greater activity and ease of removal, it is sug- 
gested as a replacement for formaldehyde. Preliminary 
observations indicate that lactone can be used as a 
vapor disinfectant in almost any situation in which 
formaldehyde currently is used. 
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Recent observations by Hodge and Metcalfe (1957) 
have demonstrated the ability of a number of hydro- 
philic colloids to flocculate cells of various bacterial 
species. Flocculation of the cells occurred by a mech- 
anism previously proposed by Michaels (1954); namely, 
adsorption of the flocculant on the hydrated surface 
of the colloid particle, and a bridging between the 
suspended particles. In general, it may be said that a 
phenomenon applicable to a number of bacterial 
organisms has been discovered, and that several 
different colloidal substances display this phenomenon. 

Thus, it is possible to collect by a physiochemical 
method cells in quantities usually secured only from 
centifugation. Cell masses collected by flocculation, 
in contrast to cells collected by centrifugation, can 
readily be made into uniform suspensions of infinite 
dilution. Cells collected by the use of hydrophilic 
colloids may have other desirable characteristics 
differing from centrifuge-collected cells. 

To make use of these observations, efficient collection 
vessels must be developed. Such vessels should not 
require a volume of culture greater than can readily 
be produced in the laboratory and should collect 
essentially all cells present in the culture and con- 
centrate them to a significant degree. This report 
describes several designs of vessels tested for collecting 
cells of Brucella suis using 2 per cent gelatin as the 
flocculant. When appropriate to the designs, the 
effects of vibration and angle of incline of the surface 
onto which the cells precipitate were tested. The 
effect of certain other variables on collection were 
determined and a method for establishing the rate at 
which flocculated cells move on these surfaces is pre- 
sented. 


MATERIALS AND METHODS 


Growth media. Two types of media, tryptose and 
casein hydrolyzate, were employed. The tryptose 
medium was composed of 2 per cent Bacto-tryptose, 
1.0 per cent Cerelose, 0.5 per cent sodium chloride, 
0.001 mg thiamine HCI per ml, and 3 ppm FeSO,-7H.0. 
The casein hydrolyzate medium was composed of 1.0 
per cent Cerelose, 0.5 per cent plasmolyzed yeast, 
and sufficient 20 per cent hydrolyzed casein hydrolyzate 
to furnish the equivalent of 2 per cent casein to the 


medium (20 per cent casein hydrolyzate was prepared 
by autoclaving 100 g casein, 670.0 ml deionized water, 
33.0 ml concentrated H:SO,, and 20.0 ml 2 m H3;PO, 
and the resulting solution filtered through no. 2 What- 
man filter paper; the filtrate was made up to a volume 
of 1000 ml with deionized water). All media were pre- 
pared in distilled water and adjusted to a pH of 6.7 to 
6.8 with either sodium hydroxide or sulfuric acid. 
Prior to incubation, the media were sterilized in an 
autoclave for 20 min at 15 psi. 

Cultural conditions. Brucella suis strain PSII, 
(Pollack et al., 1951) was used in all experiments. 
Stocks were maintained on tryptose agar slants. To 
initiate a culture, a slant of seed stock was washed 
with 5 ml of sterile tryptose medium. These washings 
were used to inoculate medium, using 2 per cent 
inoculum by volume. The resulting culture was incu- 
bated at 37 C for 24 hr on a reciprocating shaker which 
made 96 strokes with a 3-in. amplitude per min. 

Addition of gelatin to culture. A stock solution of 20 
per cent gelatin was sterilized with steam at 15 psi 
for 15 min, then cooled to 37 C and enough of this 
solution added to a 24-hr culture to make the resulting 
concentration of gelatin 2 per cent. The gelatin was 
added to the culture at 37 C just prior to the intro- 
duction of culture into the sedimentation vessel, unless 
otherwise noted. All gelatin used was USP grade. 

Assay procedure. Viable cell counts were determined 
by standard plate count techniques. The diluent was 
composed of 0.125 per cent tryptose and 0.487 per 
cent sodium chloride in distilled water. Agar medium 
was composed of 2.0 per cent Bacto-tryptose, 1.0 per 
cent Cerelose, 0.5 per cent sodium chloride, 2.0 per 
cent Bacto-agar, 0.1 per cent ferrous sulfate, 0.0025 
per cent thiamine HCl, and 0.075 per cent bromthymol 
blue. Agar medium was used the same day it was 
prepared. 

Concentration factors. Concentrations were calculated 
by dividing the number of viable cells per ml present 
in the concentrate by the number of viable cells per 
ml present in the original culture. Also, the term “‘re- 
covery” is used to indicate the total number of viable 
cells present in the concentrate divided by the total 
number of viable cells present in the original culture. 

Sliding velocity. The velocity at which bacterial 
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cells slide on an inclined surface of stainless steel is 
referred to in this report as “‘sliding velocity.” 


RESULTS 


Design of equipment. The flocculation of cells of B. 
suis by gelatin and their precipitation at the rate of 
40 mm per hr had been determined by M. T. Moree 
(unpublished observations, 1950) shortly before this 
study was initiated. Since the velocity of flocculating 
cells falling through liquid is governed by Stokes law, 
for each 12 in. of free fall 8 hr are required. Because it 
was desirable to reduce the time for collection to a 
minimum, the rate of fall must be increased or the 
distance through which cells fall free must be lessened. 
No attempt was made to increase the rate of fall. 
In regard to decreasing the distance of free fall, Teraske- 
vich et al. (1939) and Zsoldos (1947) have shown that 
tilting of the sedimentation vessel increases the separa- 
tion rate, apparently because of the decreased distance 
of free fall, the increased clumping of cells, and the 
reduction in convection currents. Kinosita (1949) 
in a series of experiments found that the velocity of 
convection currents is much greater than the de- 
scending velocity of the boundary surface of the sus- 
pending phase, which is usually regarded as the sedi- 
mentation velocity. To test these theories and to aid 
in the design of equipment, the following experiments 
were conducted. 

Recoveries and concentration factors in inclined 
vibrated columns. Cultures of B. suis were grown in 
tryptose medium, treated with gelatin, and held in 
cylindrical glass columns (figure 1) for 24 hr. One 
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Figure 1. Column with stainless steel liner 
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column was kept vertical, and others were placed at 
angles of 15 and 25 degrees from vertical. The recovery 
rates of viable cells obtained in the columns were 94, 
102, and 73 per cent for the 0, 15, and 25 degree col- 
umns, respectively. The lower recovery of the type 
inclined 25 degrees could have been caused by ad- 
herence of aggregate to the glass surface. 

The effect of settling the cells onto a stainless steel 
surface and the application of vibration was then 
tested. Stainless steel liners (figure 1) were inserted 
into the glass settling columns on to which the cells 
settled. Vibration when applied was at a frequency of 
3600 cycles per min with an amplitude of 0.008 in. 
When vibration was used, the columns were vibrated 
for 4 hr, then left static for 2 hr. After 6 hr settling, 
the volume of the concentrate and the viable cell 
count of supernatant and concentrate were determined. 

The percentage recovery in the concentrate of the 
original cells present in the culture and the concentra- 
tion factors obtained are given in table 1. Statistical 
analysis of these data indicated: (a) Recovery was 
significantly greater in vibrated than in static columns, 
the average value for all vibrated columns being 82.6 
per cent while the average recovery in static columns 
was 69.6. (b) Recovery was dependent on the angle 
of the inclined columns. Recoveries in the vibrated 
columns inclined 30 and 45 degrees from the vertical 
and in the static columns inclined 30 degrees from the 
vertical were significantly greater than recoveries in 
the other columns on the basis of a ‘‘t-test.”’ (c) The 
concentration factor was increased significantly by 
vibration, the means being 21.5 and 17.4 for vibrated 
and statie columns, respectively. (d) The concentration 
factor differed significantly for columns set at different 
angles. A significantly higher concentration factor 
was achieved in the vibrated columns inclined at 45 
and 60 degrees from the vertical than in any of the 
other columns. 

These experimental results indicate that, in the 
design of a sedimentation column, the following factors 
should be considered: (a) the free fall of the bacterial 


TABLE 1 


Recovery and concentration factor of flocculated cells of Brucella suis as influenced by vibration and incline angle of sedimentation column 
Time of collection: 6 hr 


Per Cent Recovery when Sedimentation Column Is at 


Concentration Factor when Sedimentation Column Is at 


Condition of Sedimentation oe Specified Angle from the Vertical (degrees) Specified Angle from Vertical (degrees) 
Column 
15 30 60 15 | 30 45 60 
108/ml % % % | | | 
Static 
Mean N = 5*....... 187 59.7 85.7 64.8 14.1 17.2 17.9 20.5 
168-223 54.9-65.2 | 75.5-101.3 47.8-91.1 44.9-82.4  8.3-18.1 | 12.3-24.8 | 15.6-23.2 | 16.7-32.7 
Vibrated 
Mean N = 5........ 245 76.6 90.4 76.4 16.3 20.1 | 24.7 24.7 
158-354 61.0-90.6  72.3-107.4 73.6-114.4 53.2-94.7  11.9-22.9 14.9-29.3 16.4-35.0 19.5-28.5 


* Number replications. 
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cells should be kept to a minimum, (b) the optimum 
angle at which the equipment should be designed to 
obtain maximum recovery and concentration of the 
bacterial cells should be 45 degrees, and (c) the sedi- 
mentation column should be vibrated to increase the 
over-all efficiency of the process. 

Determination of sliding velocity of cells on stainless 
steel. The simplest settling equipment would be com- 
posed of a series of inverted cones spaced on a common 
central post and construction would be made easier 
as the vertical distance between cones increased. Since 
the rate of free fall of cells is approximately 40 mm 
per hr, it was necessary to determine the velocity at 
which cells slide on the stainless steel surface in order 
to calculate what distance should be provided between 
cones. This distance would be related to the ratio of 
the velocity of the free fall versus sliding rates of the 
cells for any specified time limit of collection. 

An apparatus to measure the velocity at which 
bacterial cells slide on stainless steel was designed 
based on the principle that the amount of light re- 
flected from a stainless steel surface was proportional 
to the reflectivity of the steel liner, and that reflectivity 
would vary with the number of bacterial cells on the 
liner at the point where the light would strike. This 
apparatus with amplification system is shown in 
figure 2. 

A narrow beam of light was concentrated at an 
angle of 45 degrees onto the stainless steel; the re- 
flected light from this beam was picked up by a light- 
sensitive tube, transformed into electrical energy which 
was measured by an _ Esterline-Angus' recording 
ammeter. The difference between the time at which 
the bacterial cells flocculated and moved on the steel 


1 The Esterline-Angus Co., Inc., Indianapolis, Indiana. 


(Schematic Wiring Diagram) 
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Figure 2. Apparatus for determining sliding velocity of 
cells of Brucella suis. 


surface, thereby causing a full scale deflection first 
in the upper, then in the lower instrument, indicated 
how long it took the bacterial cells to travel between 
the two light sources. Since the distance between the 
light sources was measurable, the rate at which the 
cells moved over the stainless steel surface could be 
computed. 

In the operation of this apparatus, approximately 
500 ml of sterile casein hydrolyzate medium con- 
taining 2 per cent gelatin were added to the sedimen- 
tation chamber. This quantity of medium filled the 
lower chamber to a point approximately 2 in. above 
the temporary plastic barrier. The use of sterile medium 
in the lower part of the chamber was necessary in 
order to keep the turbidity low so that the beam of 
light could penetrate the liquid and be measured. 
The upper chamber was filled with a 24-hr-old culture 
of B. suis containing 2 per cent gelatin and, after a 
few minutes, the plastic barrier was removed. This 
allowed the flocculated cells from the culture to slide 
downward, passing through the clear sterile medium. 
The distance between light sources was measured and 
the time at which the sliding cells caused a full scale 
deflection at the upper and lower light sources was 
recorded on the ammeter. 


TABLE 2 


Velocity at which cells of Brucella suis slide on 
stainless steel 


Tube Conditions Ti 
Required 
Renlicati ere Ligh or Cell to Velocity of 
in. min in./hr 

1 45 Yes 16.5 i & 15.7 

2 45 Yes 15.0 68 13.2 

3 45 Yes 15.0 48 18.8 
15.9 

1 45 No 15.5 150 6.2 

2 45 No 15.5 146 6.4 
6.3 

1 60 Yes 13.2 36 22.0 

2 60 Yes 15.4 12 77.0 

3 60 Yes 13.5 32 25.3 

4 60 Yes 14.3 9 95.3 

5 60 Yes 13.5 6 135.0 

6 60 Yes 15.5 12 77.5 
Avg...... | 23.7 96.2 

1 30 | Yes 14.0 56 15.0 

2 30 Yes 15.4 76 12.2 

3 30 Yes | 14.0 96 8.8 
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The data obtained in these experiments are shown 
in table 2. When the 30 and 45 degree sedimentation 
tubes were vibrated, the bacterial cells moved at a 
velocity of 12 to 16 in. per hr. From the experiments 
performed with the 45 degree tube, it was indicated 
that vibration had a significant effect on velocity, in 
this instance increasing the rate of movement of the 
cells from 6.3 to 15.9 in. per hr. The replications per- 
formed with the 60-degree vibrated tube gave in- 
consistent results, four replications giving | sliding 
velocities with an average of 96.4 in. per hr while the 
remaining two gave velocities of only 23.7 in. per hr. 
An examination of the constituents of the medium, 
of the growth conditions of the culture, and of other 
variables gave no explanation for the dissimilar results. 

Flocculation of cells grown in presence of gelatin. 
If gelatin flocculation were to be used as a method of 
concentrating B. suis cells, it would be simplier to 
incorporate the gelatin into the medium prior to 
incubation rather than after growth of the culture, 
provided the gelatin had no deleterious effect on either 
the growth or recovery of the bacterial cells. 

A batch of either tryptose or casein hydrolyzate 
(CAD) medium was divided into two aliquots; to one 
aliquot of each medium was added sufficient 20 per 
cent gelatin to make the resulting concentration of 
gelatin 2 per cent whereas the other aliquot remained 
untreated. Cultures were seeded with 2 per cent 
inoculum, incubated for 24 hr on the shaker, and 
assayed for viable cells. These data are summarized 
in table 3. 

Thus the viable cell count of cultures containing 
gelatin was 1.56-fold greater than the viable cell count 
achieved in cultures containing no gelatin; this was 
statistically significant at the 2 per cent level. How- 
ever, there was no significant difference in percentage 
recovery or concentration factor after each type of 
material had been subjected to all steps of the pre- 
cipitating process. 


Additional Sedimentation Vessels Tested 


Cones inclined 45 degrees from vertical. Although the 
sedimentation column with stainless steel liner seemed 
applicable for flocculation of B. suis cells, additional 


TABLE 3 


Assay of cells grown in presence and absence of gelatin 
Media | Number | y; | 
| Dealt Viable Cell 
Replica- | R 
Basal | Gelatin tons 
x0 | 
+ 5 18.0 | 8-41 
5 10.0 | 6-14 
16 23.0 | 15-32 


* Casein hydrolyzate medium. 
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experimentation was performed on several designs 
which were based on a cone fabricated of stainless steel 
(figures 3 and 4). The merits of these designs were 
compared in the laboratory with the sedimentation 
column with liner serving as a control. 

All three types of equipment were compared using 
24-hr cultures of B. suis grown in casein hydrolyzate 
medium. After incubation, enough 20 per cent gelatin 
was added to make the final concentration of gelatin 
2 per cent. During flocculation, the equipment was 
vibrated at the rate of 3600 cycles per min with an 
amplitude of less than 0.008 in. The volume of the 
collected concentrate was measured and the count of 
viable cells determined after 4 hr of settling and again 
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after 10 hr. The results of seven replicates are given in 
table 4. 

The following conclusions, verified by statistical 
analysis, were made from the results: (a) After a 
sedimentation period of 4 hr, a significantly higher 
per cent recovery of cells was obtained in the sedi- 
mentation column with liner than in either of the cones. 
(b) The per cent recoveries of cells in the two cones 
and the glass settling-tube were not significantly 
different after a sedimentation period of 10 hr. (c) 
There was no significant difference in the concentration 
factor for the cones or column after a 4-hr settling 
period. 

Trapezoidal-rectangular chamber with baffles. Experi- 
mental data were collected on the efficiency of a gravity 
settling-chamber (trapezoidal-rectangular shape) op- 
erating with continuous flow (see figure 5). The chamber 
was constructed of Lucite with the base sloped at a 
45-degree angle. A series of baffles was attached either 
to the top or base and so arranged as to force material 
introduced at one end and removed at the other in a 
continuous flow to follow a circuitous path. 

The shortest possible path a bacterium could have 
taken through the apparatus would have been 15 in. 
However, because of turbulence and diffusion this 
distance was increased many fold. As a control, the 
sedimentation column with stainless steel liner was 
placed at a 45 degree angle from the vertical. 

Both types of equipment were compared using 24-hr 
cultures of B. suis grown in casein hydrolyzate medium. 
After incubation all cultures were pooled. An aliquot 


TABLE 4 


Comparison of merits of sedimentation vessels 


Per Cent Recovery of 
Viable Cells Conc Factor, 4 
Vessel hr Settling 
4hr | 10 hr 

Control column (Glass column 

with stainless steel liner)....| 87.7 91.3 21.2 
Inverted cone................. 64.0 72.7 18.7 


Outlet Adapter 


—~Sampling Adapter 


Figure 5. Trapezoidal-rectangular chamber 


of this pool was introduced into control column, the 
remainder was processed through the settling chamber. 
At the start of the process, flow into the chamber was 
restricted only by the size of the inlet needle, which was 
0.1875 in. in diameter. After an hr, when the settling 
chamber was full, the rate of flow was regulated by the 
discharge needle which was either 13 or 15 gauge 
(0.069 or 0.054 in. in diameter). This latter flow rate 
averaged 1000 ml per hr. When the container was 
empty of culture, 30 min of static settling of the 
material remaining in the chamber was allowed to 
elapse before a viable cell count and volume measure- 
ment were made on the concentrate from the control 
column and settling column. 

In nine replications, the sedimentation column 
(with stainless steel liner inclined 45 degrees from 
the vertical) had an average concentration factor of 
17.4 as compared to 17.8 for the rectangular settling 
chamber. The average recovery of viable cells intro- 
duced into the settling chamber was 62.4 per cent as 
compared to 51.6 per cent for the control; there was no 
statistically significant difference in recovery between 
the two designs. The recovery rate and concentration 
factor in the two designs under test were correlated 
significantly at the 5 per cent level. In this series of 
experiments, the average per cent recovery and con- 
centration from the sedimentation column was 51.6 
and 17.4, respectively, whereas in previous experiments 
an average per cent recovery of 85.9 and an average 
concentration of 25.3 were obtained. These two means 
were shown statistically to be from different popula- 
tions indicating that some variation must have 
occurred, probably in either the culture medium or 
the growth cycle of the bacterium. Inasmuch as the 
recovery and concentration obtained using the reec- 
tangular settling chamber were better than those ob- 
tained using the sedimentation column with liner, it 
was concluded that the continuous flow rectangular 
settling chamber was as good as, or possibly better 
than, the batch-type equipment previously designed 
and tested. 


DISCUSSION 


It has been shown that B. suis cells, which range in 
size from 0.3 to 0.4 uw (Breed et al., 1957), consistently 
coalesce with gelatin into macroscopic _ particles. 
When these particles fall through the culture medium, 
the velocity of free fall is 15g in. per hr; however, 
when the particles are sliding down a stainless steel 
liner set at a 45 degree angle from the vertical and 
vibrated at 3600 cycles per min with an amplitude of 
0.008 in., the sliding velocity is 15.9 in. per hr. Since 
under these conditions the rate while sliding greatly 
exceeds the free fall velocity, a minimum of free fall 
distance (consistent with engineering requirements) 
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should be incorporated into the sedimentation ap- 
paratus. 

Once the particles have begun sliding down the 
stainless steel liner, the most important requirement 
is to maintain the constant movement of the particles. 
In these experiments, constant movement of the 
particles on the inclined surface was accomplished by 
vibration at a frequency of 3600 cycles per min. It 
seems probable that a lesser frequency with the same 
amplitude would be satisfactory and possibly more 
effective, as the tendency for vibration to resuspend 
the aggregate should be less. 

As flocculation progresses in a sedimentation cham- 
ber, the number of aggregates per unit volume in- 
creases. Thus, at the commencement of operation, 
the velocity of settling is independent of the initial 
height of the suspension and the dimensions of the 
sedimentation column. The flocculated particles are 
loosely deposited on the bottom of the chamber and 
start to build a loose matrix. As flocculation progresses, 
this matrix increases in height until the last aggregates 
coincide with the top of the matrix. Any particle, when 
it reaches the top of the matrix, enters a zone of in- 
hibited settling, settling occurring only by com- 
pression. During this period, water is forced out of the 
matrix, passing through the minute crevices between 
particles. If, at the time the last flocculated particles 
reach the top of the matrix, the concentrate was 
withdrawn to another settling column and the super- 
natant was discarded, an effective volume reduction 
would be achieved. In the experiments conducted 
where the original viable cell count was 10 to 25 billion, 
the maximum height of the matrix of the concentrated 
cells had a ratio of 1:15 to the total chamber height. 
Thus, if under the given conditions the concentrate 
had been withdrawn when the volume concentration 
factor attained 15, a more rapid settling rate with 
smaller equipment could theoretically have been 
achieved. 

The conical flocculating apparatus designed with the 
apex at the top appears to have several definite ad- 
vantages over the cone with the apex at the bottom. 
The free fall distance in the former cone is very much 
shorter than in the erect cone, and the flocculated 
particles are generally moving away from each other, 
which would eliminate any hindered settling although 
it would tend to decrease the size of aggregates. The 
trapezoidal-rectangular design is adaptable to con- 
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tinuous flow and constant take-off of concentrate, 
but the free fall distance in any given volume would 
be greater than in the inverted cone design. The 
effect of eddy currents should be minimized in this 
apparatus since the direction of flow of the fluid is 
predetermined. 


SUMMARY 


Experimentation leading to the design of sedimenta- 
tion vessels for the collection of vegetative bacterial 
cells has been shown. With vessels, viable cell re- 
coveries of 75 per cent with a concentration factor of 
approximately 20-fold can be realized in 6 hr settling 
time. 

The inclination of the settling surface of the sedi- 
mentation equipment should be 45 degrees for maxi- 
mum ease of construction and over-all efficiency. 
Vibration of sedimentation equipment increases the 
recovery of viable bacterial cells. 

The velocity of sliding of the gelatin-flocculated 
cells of Brucella suis was found to be 15.9 in. per hr 
on stainless steel placed at an angle of 45 degrees and 
vibrated at the rate of 3600 cycles per min with an 
amplitude of less than 0.008 in. 

Cultures of B. suis grown in the presence of 2 per 
cent gelatin flocculate as readily and as completely as 
cultures which had 2 per cent gelatin added after 
incubation. 
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The amino acids found indispensable for the growth 
of animals are, by definition, not synthesized by the 
body in sufficient amounts. Arginine, lysine, histidine, 
leucine, isoleucine, methionine, tryptophane, phenyl- 
alanine, threonine, and valine (Rose, 1937) must, 
therefore, be supplied in feed or food. Although pro- 
teins containing essential amino acids are obtained 
from both vegetable and animal sources, the prime 
source is the plant kingdom. This is true not only for 
farm animals but also for most of the human popu- 
lation of the world. Oilseeds are rich in proteins of 
good quality, but cereal grains and forage feed crops 
are relatively low in protein content and the quality 
of the protein is generally only fair. 

Present-day knowledge of nutrition makes it clear 
that optimal intake of essential amino acids has not 
been generally attained. Further improvements in 
both the quality and quantity of dietary protein are 
necessary. Much has already been done by blending 
and by supplementing. Oilseed meals or animal by- 
products are added to farm rations based on cereal 
grains. The use of mixed feeds is generally practiced 
in animal production. However, protein materials 


even richer than those available in certain of the | 


amino acids, such as lysine, methionine, and trypto- 
phane, are required. High leverage is needed so that a 
given deficiency may be remedied without introducing 
imbalance among other amino acids. Synthetic methi- 
onine and lysine are now produced commercially and 
are available in large quantities. However, the cost of 
the synthetic compounds is too great to allow them 
to compete with the natural sources of amino acids 
except when a small amount of the synthetic product 
will greatly improve a natural ration. The use of 
methionine in broiler rations is a case in point. More- 
over, natural proteins which are hydrolyzed by the 
digestive processes of an animal provide the amino 
acids required in a gradual, orderly manner. Hence, 
it is probable that ‘essential amino acids contained 
in a protein are used more economically in the animal 
body than are amino acids which are ingested in the 
free state. 


1 One of the Divisions of the Agricultural Research Service, 
U.S. Department of Agriculture. 
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Although plant and animal proteins are the chief 
source of dietary amino acids, a few fermentation 
materials are used extensively in animal feeds. Examples 
are brewers’ dried yeast, brewers’ dried grains, dis- 
tillers’ solubles and distillers’ dried grains. Yeast, 
particularly Torulopsis utilis, is produced both here 
and abroad by primary culture of the organism in 
sulfite liquor. As a consequence of nutritional interest 
or of plain scientific curiosity, many explorations 
have been made into the amino acid make-up of the 
proteins occurring in algae and the cells of micro- 
organisms. The purpose of this review is to organize 
and present the results that have been published in 
this field during the last 10 years. 

Analytical methods. The scope of this review ex- 
cludes covering the details of methods of analysis for 
the various amino acids. Exhaustive reviews of methods 
for amino acid analyses have been compiled by Olcott 
(1951) and Block and Bolling (1951). An excellent 
treatise on the microbiological methods for amino acid 
analyses has been written by Barton-Wright (1952). 

Essential amino acids in microorganisms. For the 
most part, data cited in the tables are confined to 
results published within the last decade. The reason 
for arbitrarily limiting the scope of the data sum- 
marized lies in the previous lack of suitable means of 
determining some of the amino acids. The use of 
chromatographic techniques and microbiological assay 
methods within the past 10 years has resulted in the 
publication of more reliable results and has broadened 
the field of quantitative analysis to include amino 
acids which could not be readily determined hereto- 
fore. Since certain of the amino acids possessing unique 
structure or reactivity, for example, arginine, lysine, 
and histidine, lend themselves to separation and 
accurate determination by chemical methods, some 
of the older chemical data for these amino acids are 
included in the tables. 

The amino acid content of microorganisms is re- 
ported in the literature in several different ways. The 
three predominant methods of expressing amino acid 
content are: (1) per cent of dry weight, (2) per cent 
of protein, and (3) amino acid nitrogen as per cent of 
total nitrogen. Obviously, no one expression is ap- 
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plicable to all needs. Physiological balances may be 
calculated on the basis of nitrogen. Animal physiologists 
who are investigating proteins prefer to have the 
amino acid caleulated as per cent of the protein. 
Those interested in the quantitative analysis of micro- 
bial cells or in formulating feeds find more utility in 
values expressed on the basis of dry weight. 

If data are sufficient, the three values mentioned 
may be interconverted to facilitate comparison of the 
results published variously by different laboratories. 
Thus, if the total nitrogen (or more correctly, total 
protein) content of the materials analyzed were re- 
ported in the literature, all results could be calculated 
on the basis of either protein content or dry weight. 
Since the nitrogen or protein content of the cells was 
not given in many references, it was not possible to 
resolve all analyses to a common basis. Because the 
protein content of microorganisms varies widely with 
the conditions of propagation, one cannot assume an 
arbitrary protein level with any degree of confidence. 
For this reason, the values reported on the dry weight 
basis or as per cent of protein are given in the same 
form as in the original literature. However, values 
which reported amino acid nitrogen as per cent of 
total nitrogen were converted to amino acid as per 
cent of protein by applying the appropriate factors. 

The “total” nitrogen contained in microbial cells is 
usually determined by the Kjeldahl procedure. The 
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value thus obtained is then multiplied by an arbitrary 
conversion factor, generally 6.25, to arrive at the 
value for protein content. Since all microbial proteins 
do not contain 16 per cent nitrogen, and because the 
Kjeldahl method is not specific for protein nitrogen, 
the values which are cited as “protein” cannot be 
considered accurate in the chemical sense but represent 
an arbitrary fraction of the microbial cells. 

Comparison of yeasts, molds, and bacteria. Results 
of analyses of various microorganisms including molds, 
yeasts, bacteria, a virus, and algae for their content of 
essential amino acids are reported on the dry weight 
basis in table 1. 

Mold mycelia as usually cultured in the laboratory 
contain less protein than do bacteria and yeasts. 
The average nitrogen content of the bacteria, yeasts, 
and molds reported in table 1 is 11.1, 8.2, and 5.7 per 
cent of the dry weight, respectively. Hence, bacteria 
and yeasts have a higher content of amino acids than 
do molds when the analyses are calculated on the dry 
weight basis. 

Yeasts listed in table 1 show little variation in the 
quantity of the 10 essential amino acids among the 
various genera reported. A similar situation is found 
when one compares the amino acid levels reported by 
the various investigators for certain bacteria. Three 
analyses given for Escherichia coli by different workers 
(Dunlop, 1949; Polson, 1948; Stokes and Gunness, 


TABLE 1 
Essential amino acids in microorganisms; per cent of dry weight* 
| Per | Argi- | Histi- | Isoleu- |, |Methio-| Phen- | Threo- |Trypto-| 

Organism | | Leucine | Lysine de nine | phane Valine Reference 
Escherichia coli................ 12.0 (3.18 | 0.94 | 3.21 | 6.21 | 2.88 | 1.52 | 2.07 | 2.29 | 0.52 | 4.57 | Dunlop (1949) 
U0. AE ee ee eee | —f| — | 1.62 | 3.27 | 6.13 | 5.35 | 2.15 | 3.02 | 3.78 | 0.91 | 4.0 | Polson (1948) 
13.19 4.3 | 1.26/3.8 |6.4 | 4.5 | 1.7 | 2.7 | 3.2 | 0.79 | 4.5 | Stokes and Gunness 

(1946) 
Staphylococcus aureus.......... 10.46 | 2.3 | 0.72 | 2.8 | 3.4 | 5.2 | 0.81 | 1.84] 2.0 | 0.23 | 2.4 | Ibid. 
Bacillus subtilis................ 10:07 | 2:4 |0.87 13:0 14:8 | 1.08 | 2:2 | 2.2 | 0.38 13.5 | 
Streptomyces griseus............ 9.09 | 2.9 | 0.85 | 1.63 | 3.8 | 2.2 | 0.56 | 1.65) 2.4 | 0.68 | 3.5 | Ibid. 
Rhizopus nigricans............. 5.80 | 1.21 0.98 | 0.98 | 1.46 | 1.59 | 0.33 | 0.81 | 0.96 | 0.25 | 1.08 | Ibid. 
Aspergillus niger.............. 5.21 | 1.04 | 0.90 | 0.88 | 1.48 | 1.04 | 0.22 | 0.85 | 1.11 | 0.26 | 1.09 | Ibid. 
Penicillium notatum............| 6.13 | 1.40 | 1.67 | 1.22 | 2.1 1.53 | 0.39 | 1.16 | 1.37 | 0.48 | 1.51 | Ibid. 
Saccharomyces cerevisiae........| 8.94 | 2.4 | 2.7 | 2.5 | 3.8 | 3.1 | 0.65 | 2.1 | 2.4 | 0.59 | 2.8 | Ibid. 
Rhodotorula rubra.............. 8.95 | 3.7 | 1.99 | 2.1 | 3.3 | 3.0 | 0.53 | 1.72 | 1.79 | 0.45 | 2.5 | Ibid. 
Mycotorula lipolytica........... 8.16 | 3.2 | 1.4 | 3.5 | 3.7 | 4.4 — | 2.4 | 2.5 | 0.3 | 3.1 | Kurth and Cheldelin 
| (1946) 
Hansenula suaveolens. ......... | 8.54 2.9 |} 1.4 | 3.7 | 3.6 | 4. — |2.4 | 2.4 | 0.3 | 3.3 | Ibid. 
8.46 | 3.1 {1.5 | 3.7 | 3.8 | 4.4 — | 2.3 | 2.5 | 0.3 | 3.3 | Ibid. 
6.99 | 1.13 | 0.389 | — | 1.4 | 1.19 | 0.57) — | 1.92) 0.8 | 3.5 | Felix and Pendl (1948) 
T. candida arborea............. 7.41) 1.4 |0.42) — — | 1.52 | 0.60; — | 4.28] 0.75 | — | Ibid. 
Sirswere yeast”... ........-.. 7.38 | 1.41 | 1.47 | 2.86 | 3.74 | 3.74 | 1.26 | 1.91 | 2.77 | 0.61 | 2.49 | Block and Bolling 
(1945b) 

8.90 | 1.67 | 1.40 | 2.86 | 3.01 | 3.75 | 1.36 | 2.21 | 2.75 | 0.66 | 2.32 | Ibid. 
Chlorella pyrenoidosa..........| 7.0 | 2.06 | 0.62 | 1.75 | 3.79 | 2.06 0.36 | 1.81 | 2.12 | 0.80 | 2.47 | Combs (1952) 
Tetrahymena gelett............. 7.8 | 2.6 | 1.09] 3.0 | 4.1 | 2.9 | 0.81 | 2.5 | 2.4 | 0.46 | 2.5 | Wu and Hogg (1952) 
Tobacco mosaic virus.......... 9.8 |0 6.6 | 9.3 | 1.47] 0 8.4 | 9.9 | 2.1 | 9.2 | Knight (1947) 


* Similar data are reported in the recent publication, Amino Acid Handbook, by Block and Weiss (1956). 


+ No data reported. 
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1946) are in good agreement except for the lysine 
levels which range from 2.88 to 5.35 per cent of dry 
weight. It would appear that the essential amino 
acid content of the filamentous fungi is more variable 
and generally lower (on dry weight basis) than that of 
either the yeasts or bacteria. The alga, Chlorella 
pyrenoidosa, and the protozoan, Tetrahymena geleii, 
are similar to bacteria and yeasts in their content of 
the essential amino acids. 

Tobacco mosaic virus (TMV) (Knight, 1947) con- 
tains relatively great amounts of eight essential amino 
acids, but evidently lacks histidine and methionine. 
Nearly 60 per cent of the dry weight of TMV is com- 
posed of essential amino acids. This fact is a reflection 
of the high protein content of the virus, which may be 
85 to 90 per cent in some instances as contrasted to 
30 to 50 per cent protein generally found in yeast 
and bacteria cells. 

For purpose of comparison, table 2 presents the 
essential amino acid content of some common feed 
and food commodities. 

Cereal grains are not only low in total protein, but 
the proteins generally lack sufficient amounts of cer- 
tain of the essential amino acids to be classified as 
“good” proteins for feed and food. The grains, rice, 
wheat, and corn, contain suboptimal amounts of one 
or more of three essential amino acids, lysine, methi- 
onine, and tryptophane. The most nutritionally 
adequate plant protein is contained in soybeans, but 
it is somewhat low in methionine. 

The amino acid analyses tabulated in table 3 are 
reported as per cent of protein. Data reported in this 
manner are probably more valuable in comparing the 
make-up of proteins or protein mixtures since the 
fluctuations in protein content which occur when the 
organisms are propagated under diverse conditions are 
disregarded by calculating the amino acid content on 
the basis of the protein present. In considering nutritive 


TABLE 2 
Essential amino acid composition of certain feedstuffs* 


Soy- | Dried 

Constituent Corn Rice | Wheat 
Arginine.......| 0.37 | 0.65 | 0.81 | 3.38 | 4.38 | 1.40 | 1.08 
Histidine.......| 0.22 | 0.18 | 0.38 | 1.12 | 1.24 | 2.05 | 0.78 
Isoleucine... .. 0.33 | 0.36 | 0.61 | 2.49 | 2.78 | 1.40 | 2.00 
Leucine........ 0.95 | 0.62 | 0.96 | 3.48 | 4.48 | 5.74 | 3.09 
Lysine......... | 0.27 | 0.31 | 0.41 | 2.79 | 4.57 4.40 | 2.11 
Methionine..... 0.18 | 0.18 | 0.19 | 0.63 | 1.75 | 0.76 | 0.91 


Phenylalanine. .| 0.42 | 0.38 | 0.72 | 2.20 | 2.26 | 0.78 | 1.73 
Threonine......| 0.31 | 0.28 | 0.45 | 1.82 | 2.76 | 2.00 | 1.63 


Tryptophane...| 0.09 | 0.13 | 0.24 | 0.76 | 0.68 | 0.61 | 0.48 
Waline .. 6... 0.43 | 0.50 | 0.69 | 2.45 | 3.03 | 4.18 | 2.29 
Protein... 8.05 | 7.84 |15.28 |45.29 |67.38 (61.02 33.44 


* Per cent of dry weight. From Lyman et al. (1956). 


worth, one should have figures for both the amount of 
protein and the protein composition. 

The yeasts listed in table 3 show considerable vari- 
ation in their content of arginine and histidine. The 
debittered brewers’ yeast contained only one-quarter 
to one-third as much arginine as did the other yeasts. 
The alkaline debittering process may have reduced 
the arginine content to the low level reported. The 
amino acids in the brewers’ yeast and bakers’ yeast 
(Lindan and Work, 1951) were determined chro- 
matographically with a possible error of +30 per 
cent. If these limits are taken into consideration, 
the analyses are not contradictory but show expected 
variations. Over 50 per cent of the protein of the 
yeasts listed is composed of the ten essential amino 
acids. 

An extensive survey of bacteria for their amino 
acid composition made by Mondolfo and Hounie 
(1951) is summarized in table 3. Although a moderate 
amount of variation is noted among the several or- 
ganisms, it cannot be attributed to generic or species 
differences per se. There is as much variability evident 
when different strains of the same species are com- 
pared; for example, there is more than a two-fold 
difference in the methionine content of LZ. coli strains 
2242 and 2201. 

Mycobacterium tuberculosis is reported to contain 11.2 
per cent methonine in its protein (Eguchi, 1951). 
This value appears to be several fold too high when 
compared with the methionine content of the myco- 
bacteria analyzed by Boniece (1950) and Ginsberg 
et al. (1956). 

Pillai and Srinivasan (1956) found an exceedingly 
high lysine content in the mycelium of Aspergillus 
flavus. They used a circular paper chromatogram in 
their analyses and, although the reported lysine value 
seems to be three- to four-fold too high, the values 
given for the other essential amino acids are com- 
parable with results obtained by other workers for 
different organisms. 

Mazur and Clarke (1938, 1942) examined several 
types of marine and fresh water algae for amino acid 
content and found some essential amino acids absent 
in certain genera. The lack of these amino acids, 
mainly lysine and methionine, in some of the genera 
is cited as characteristic of phylogenetic rank of the 
plant. The samples assayed, however, were repre- 
sentative of material gathered from natural sources 
and undoubtedly varied in age and stage of develop- 
ment. Also, their analyses were carried out on that 
portion of the protein which was soluble in 90 per cent 
formic acid; hence, there may have been some frac- 
tionation of the protein. 
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There are also many reports in the literature on 
qualitative analyses of microorganisms for various 
amino acids. These data are not included in this re- 
view. The ubiquitous character of the amino acids in 


microbial protein renders it impossible to use the 
presence or absence of an amino acid as a means of 
identification of microbial types with the possible 
exception of the algae mentioned. 


TABLE 3 
Essential amino acids in microorganisms; per cent of protein 
| Per | | Phen- 
Organism | | Leucine | Lysine Valine Reference 
| 
= 
Escherichia coli (2201)......... | —*|/6.5 10.5 15.5 |3.5 | 1.0 | 1.2 | 4.5 | 0.7 | 3.5 | Mondolfo and Hounie 
(1951 
— | 5.5 |0.6 | 5.5 | 5.0 | 6.0 | 0.6 | 1.8 | 4.0 | 0.5 | 6.0 | Ibid. 
— $42.5 [3:7 145 104 12:8 12.7 10.5 | 3:0 | 
Eberthella typhosa (Salmonella | 
— 16.8 13.0 | 4.5/7.2 | 2:7 | 4:3 |3.3 | 
Salmonella paratyphi A........ — |7.6 |0.8 |4.5 |8.2 | 4.5 |0.5 | 2.7 | 3.5 |0.5 | 4.5 | 
echotimuellers . — |0.9 | 3.7 | 3.0 | 7.2 | 0.5 | 3.3 |3.2 |0.5 | 3.3 | 
— | 4.5 |0.9 |4.5 | 0.5 |2.8 | 3.2 | 0.4 | 3.3 | Zoid. 
Shigella dysenteriae............ — 17.6 | 3:0 14.7 | 4.1 105 12.6 12.7 10.5 13:6 | Zid. 
Pseudomonas aeruginosa........ — | 2.6 10:9 | 40 14:5 16:3 | 0.48 3:2. 12.2 10.5 | 3.8: | 
Staphylococcus aureus 351...... — 130 168.5 1289 13.2 — |3.2 | Ibid. 
— |3.7 | 0.65)2.3 | 4.5 | 3.4 |0.5 | 3.0 | 3.2 | 0.5 | 2.8 | Ibid. 
Streptococcus hemolyticus 51 (S. 
— |}6.0 |2.8 | 4.5 |6 0.4 | 2.6 | 3.8 |0.5 | 3 Ibid. 
S. hemolyticus 129 (S. pyogenes)| — _— — |4.8 |4 — | 0.6 — |4.5 |0.4 |4 Ibid. 
Gaffkya tetragena............... — | 5.5 | 5.5 — | 0.5 — | 2.75 | 0.4 | 3.6 | Ibid. 
Bacillus megaterium............ 190 145 16.7 (60 11:3 134 13a — | 5.5 | Garibaldi et al. (1953) 
Lactobacillus arabinosus (L. 
10.08 | 3.3 168 1569: 15:2 LA 2.8 | 3.8 | 0.5 | 5.2 | Camien et al. (1945) 
7.49) 3.6 16.2 18.8 7.7 11.1 13.5. | 4.7 104 135.8 | 
L. pentosus (L. plantarum)..... 9.74) 3.1 | 1.5 | 4.9 | 5.1 | 4.6 | 1.0 | 2.7 | 3.3 | 0.3 | 4.8 | 
13.98 | 4.8 | 2.4 | 7.0 | 7.5 |6.9 | 1.3 | 4.1 | 4.9 |0.6 | 6.8 | Ibid. 
Mycobacterium phlei........... 10.64 | 6.83 | 1.72 | 5.8 | 6.6 | 3.66 | 1.27 | 3.39 | 4.36 | 0.15 | 5.8 | Boniece (1950) 
9.35 | 6.82 | 1.80 | 6.85 | 7.01 | 4.84 | 1.40 | 3.43 | 4.84 | 0.47 | 6.43 | Ibid. 
10.06 | 7.4 | 0.5 — {10.5 | 6.2 {11.2 | 5.8 | 4.9 | 2.5 | 6.4 | Eguchi (1951) 
ee eee 11.95 | 7.54 | 1.87 | 4.35 | 8.29 | 4.47 | 1.49 | 2.99 | — — | 6.59 | Ginsberg et al. (1956) 
SO ree 11.83 | 7.13 | 1.87 | 4.43 | 8.26 | 4.56 | 1.54 | 2.92 | — — | 6.30 | Ibid. 
M. tuberculosis var. bovis (M. 
EAT TS 8.04 | 7.66 | 1.85 | 4.46 | 8.78 | 3.64 | 1.55 | 2.75 | — — | 7.04 | Ibid. 
M. tuberculosis var. hominis (M. 
11.81 | 7.70 | 2.06 | 4.39 | 8.85 | 3.96 | 1.62 | 3.24 | — — | 6.67 | Ibid. 
Corynebacterium diphtheriae....\12.9 | 5.0 | 2.4 | 6.0 | 6.0 | 4.2 | 5 5.6 | 1.3 — |9.3 | Work (1949) 
Nitrosomonas sp............... — |4.0 {1.8 |6 4.56 | 3.4 | 7.5 | 5.5 — | 9.3 | Hofman (1953) 
“‘Brewers’ yeast”? (debittered)..} — | 3.1 | 3.3 | 6.0 | 7.3 | 7.1 | 2.7 | 4.5 |5.5 | 1.2 | 5.3 Bolling 
945a 
Brewers’ yeast”’...........6.. 7.32 13.1 | 3.0 | 6.0 | 7.8 | 7.4 | 2.34 | 3.59 | 5.07 | 1.63 | 6.4 | Edwards et al. (1946) 
Sitrewers’ yeast”... 8.40} 5.0 | 4.1 | 4.5 | 7.5 |6.7 | 1.4 | 1.9 | 8.2 1 Work 
1951 
7.58 | 8.6 | 2.8 | 5.5 | 8.3 | 6.84 | 2.62 | 4.55 | 4.97 | 0.83 | 5.9 | Edwards et al. (1946) 
8.3 | 5.0 | 1.4 |4.9 | 6.1 | 6.0 | 0.75 | 3.5. | 4.6 — | 5.4 | Garibaldi et al. (1953) 
‘‘Wood sugar yeast’’........... 8.5 | 4.9 | 1.9 -- — | 1.0 — | Dirr and Soden (1941) 
7.35 | 5.0 | 4.1 | 4.5 | 7.5 | 6.7 | 1.4 | 5.6 | 5.5 — | 9.4 and Work 
1951) 
15.8 | ics — | 8.5 — |1.0 — | Kraut and_ Schlott- 
mann (1937) 
Saccharomyces carlsbergensis....| — | 5.0 | 2.0 — |10.1 and Gale 
Aspergillus flavus.............. 3.1 | 4.9 — |5.1 | 6.5 [23.5 — | 4.7 Srinivasan 
Chlorella pyrenoidosa...........| 6.93 | 6.07 | 2.0 | 5.31 | 8.71 | 5.13 | 0.48 | 4.97 | 4.32 | 1.22 | 5.72 | Schieler e¢ al. (1953) 
OES are 6.54 | 3.82 | 1.42 | 5.93 | 8.37 | 2.23 | 0.96 |11.58 | 2.26 | 1.11 | 5.29 | Ibid. 
3.8 | 8.3 | 2.8 | 4.8 | 8.4 | 7.5 | 2.2 | 4.3 | 4.8 | 2.3 | 7.3 | Fowden (1952b) 
4.3 {1.9 | 5.2 |9.1 | 8.6 | 2.4 | 5.3 | 4.0 | 2.5 | 7.4 | Fowden (1952a) 
Gloeotrichia — |1.3 | 0.9 — | 1.7 — |0.35| — Clarke 
Pemcrocystie BP... — | 4.4 | 0.9 — | 18 — — — | 0.6 — | Ibid. 
— 11.6 | 0.7 — | 6.5 — | 2.2 — | Ibid. 
— |0 2.5 — | 3.4 — |0.9 — | Ibid. 
— |0 2.4 — |0.3 — | 1.0 — | Ibid. 
— |3.0 | 1.8 — — — | 2.2 — | Ibid. 
— |3.6 | 2.6 — | 4.5 — | 0.5 — | Ibid. 
Phormidium 2.65 | 4.6 | 2.2 — |3.1 |0 — | 2.1 — |0.2 | 8.9 Clarke 
) 
2.04 | 3.8 | 0.7 — |7.8 |0 — | 4.3 — | 0.4 | 7.0 | Ibid. 
0.77 | 8.0 | 0.9 — |}3.8 |0 — |1.9 — |1.3 | 7.0 | 
re 1.38 | 4.0 | 1.9 — | 0.45 | 4.5 — | 0.6 — 11.7 | 8.6 | Ibid. 
— 17.9 | 3.4 — | 2:38 — | 7.6 | fbid. 


* No data reported. 
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